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PREFACE. 


N the present edition this work has been very greatly en- 
larged; to the extent, in fact, of more than one-third. Had I - 
not determined to keep the book in moderate compass it might 
easily have been doubled in size. A good deal of re-arrangement 
also has been thought advisable, especially with reference to the 
elementary uses of g( )g™', and of V. Prominent among the 
additions is an entire Chapter, on the Analytical Aspect of Quater- 
nions, which I owe to the unsolicited kindness of Prof. Cayley. 

As will be seen by the reader of the former Preface (reprinted 
below) the point of view which I have, from the first, adopted 
presents Quaternions as a Calculus uniquely adapted to Euclidian 
space, and therefore specially useful in several of the most im- 
portant branches of Physical Science. After giving the necessary 
geometrical and other preliminaries, I have endeavoured to de- 
velope it entirely from this point of view; and, though one can 
scarcely avoid meeting with elegant and often valuable novelties 
to whatever branch of science he applies such a method, my chief 
contributions are still those contained in the fifth and the two 
last Chapters. When, twenty years ago, I published my paper 
on the application of V to Green’s and other Allied Theorems, I 
was under the impression that something similar must have been 
contemplated, perhaps even mentally worked out, by Hamilton as 
the subject matter of the (unwritten but promised) concluding 
section of his Elements. It now appears from his Lzfe (Vol. I. 
p. 194) that such was not the case, and thus that I was not in any 
way anticipated in this application (from my point of view by far 
the most important yet made) of the Calculus. But a bias in 
such a special direction of course led to an incomplete because one- 
sided presentation of the subject. Hence the peculiar importance 
of the contribution from an Analyst like Prof. Cayley. 
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It is disappointing to find how little progress has recently been 
made with the development of Quaternions. One cause, which 
has been specially active in France, is that workers at the subject 
have been more intent on modifying the notation, or the mode of 
presentation of the fundamental principles, than on extending the 
applications of the Calculus. The earliest offender of this class 
was the late M. Hoiiel who, while availing himself of my permis- 
sion to reproduce, in his Théorie des Quantités Complemes, large parts 
of this volume, made his pages absolutely repulsive by introducing 
fancied improvements in the notation, I should not now have 
referred to this matter (about which I had remonstrated with M. 
Hoiiel) but for a remark made by his friend, M. Laisant, which 
peremptorily calls for an answer. He says:—“M. Tait...trouve 
que M. Hoiiel a altéré ’ceuvre du maitre. Perfectionner n’est pas 
détruire.” This appears to be a parody of the saying attributed 
to Louis XIV.:—“Pardonner n’est pas oublier”:—but M. Laisant 
should have recollected the more important maxim “ Le mieux est 
Pennemi du bien.” A line of Shakespeare might help him:— 

“ with taper-light 
To seek the beauteous eye of heaven to garnish, 
Is wasteful and ridiculous excess.” 
Even Prof. Willard Gibbs must be ranked as one of the retarders 
of Quaternion progress, in virtue of his pamphlet on Vector 
Analysis ; a sort of hermaphrodite monster, compounded of the 
notations of Hamilton and of Grassmann. 

Apropos of Grassmann, I may advert for a moment to some 
comparatively recent German statements as to his anticipations 
&e. of Quaternions. I have given in the last edition of the Hncyc. 
Brit. (Art. QUATERNIONS, to which I refer the reader) all that is 
necessary to shew the absolute baselessness of these statements. 
The essential points are as follows. Hamilton not only published 
his theory complete, the year before the first (and extremely 
imperfect) sketch of the Ausdehnungslehre appeared; but had 
given ten years before, in his protracted study of Sets, the very 
processes of external and internal multiplication (corresponding to 
the Vector and Scalar parts of a product of two vectors) which 
have been put forward as specially the property of Grassmann. 
The scrupulous care with which Hamilton drew up his account of 
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the work of previous writers (Lectures, Preface) is minutely detailed 
in his correspondence with De Morgan (Hamilton’s Infe, Vol. 111). 

Another cause of the slow head-way recently made by Qua- 
ternions is undoubtedly to be ascribed to failure in catching the 
“spirit” of the method :—especially as regards the utter absence 
of artifice, and the perfect naturalness of every step. To try to 
patch up a quaternion investigation by having recourse to quasi- 
Cartesian processes is fatal to progress. A quaternion student loses 
his self-respect, so to speak, when he thus violates the principles 
of his Order. Tannhiiuser has his representatives in Science as 
well as in Chivalry! One most insidious and dangerous form of 
temptation to this dabbling in the unclean thing is pointed out in 
§ 500 below. All who work at the subject should keep before 
them Hamilton’s warning words (Lectures, § 513):— 

“T regard it as an inelegance and imperfection in this calculus, 
or rather in the state to which it has hitherto [1853] been un- 
folded, whenever it becomes, or seems to become, necessary to have 
recourse...... to the resources of ordinary algebra, for the SOLUTION 
OF EQUATIONS IN QUATERNIONS.” 

As soon as my occupation with teaching and with experimental 
work perforce ceases to engross the greater part of my time, I 
hope to attempt, at least, the full quaternion development of 
several of the theories briefly sketched in the last chapter of 
this book ; provided, of course, that no one have done it in the 
meantime. From occasional glimpses, hitherto undeveloped, I feel 
myself warranted in asserting that, immense as are the simplifi- 
cations introduced by the use of quaternions in the elementary 
parts of such subjects as Hydrokinetics and Electrodynamics, they 
are absolutely as nothing compared with those which are to be 
effected in the higher and (from the ordinary point of view) vastly 
more complex branches of these fascinating subjects. Complexity 
is no feature of quaternions themselves, and in presence of their 
attack (when properly directed) it vanishes from the subject 
also :—provided, of course, that what we now call complexity 
depends only upon those space-relations (really simple if rightly 
approached) which we are in the habit of making all but incom- 
prehensible, by surrounding them with our elaborate scaffolding of 


non-natural coordinates. 
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Mr Wilkinson has again kindly assisted me in the revision of 
the proofs; and they have also been read and annotated by Dr 
Plarr, the able French Translator of the second edition. Thanks 
to their valuable aid, I may confidently predict that the present 
edition will be found comparatively accurate. 

With regard to the future of Quaternions, I will merely quote 
a few words of a letter I received long ago from Hamilton :— 

“(Could anything be simpler or more satisfactory Don’t you 
feel, as well as think, that we are on a right track, and shall be 
thanked hereafter? Never mind when.” 

The special form of thanks which would have been most 
grateful to a man like Hamilton is to be shewn by practical 
developments of his magnificent Idea. The award of thes form of 
thanks will, I hope, not be long delayed. 
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(Only the more important are noticed, and they are indicated by the 
sectional numbers.) 


Chap. I. 31(k), (m), 40, 43. 

II. 51, 89. 

III. 105, 108, 116, 119—122, 133—4. 
IV. 140 (8)—(12), 145—149. 
V. 174, 187, 193—4, 196, 199. 
VI. The whole. 

VIII. 247, 250, 250*. 
IX. 285, 286, 287. 
X. 826, 336, 
XI. 357—8, 382, 3846. 

XII. 390, 393403, 407, 458, 473 (a)—(1), 480, 489, 493, 499, 500 

503, 508—511, 512—13, 


There are large additions to the number of Examples, some in fact 
to nearly every Chapter. Several of these are of considerable importance; 
as they contain, or suggest, processes and results not given in the text. 


PREFACE TO THE SECOND EDITION. 


To the first edition of this work, published in 1867, the 
following was prefixed :— 


‘THE present work was commenced in 1859, while I was a 
Professor of Mathematics, and far more ready at Quaternion 
analysis than I can now pretend to be. Had it been then 
completed I should have had means of testing its teaching 
capabilities, and of improving it, before publication, where found 
deficient in that respect. 

‘The duties of another Chair, and Sir W. Hamilton’s wish that 
my volume should not appear till after the publication of his 
Hlements, interrupted my already extensive preparations. I had 
worked out nearly all the examples of Analytical Geometry in 
Todhunter’s Collection, and I had made various physical applica- 
tions of the Calculus, especially to Crystallography, to Geometrical 
Optics, and to the Induction of Currents, in addition to those on 
Kinematics, Electrodynamics, Fresnel’s Wave Surface, &c., which 
are reprinted in the present work from the Quarterly Mathematical 
Journal and the Proceedings of the Royal Society of Edinburgh. 

‘Sir W. Hamilton, when I saw him but a few days before his 
death, urged me to prepare my work as soon as possible, his being 
almost ready for publication. He then expressed, more strongly 
perhaps than he had ever done before, his profound conviction of 
the importance of Quaternions to the progress of physical science ; 
and his desire that a really elementary treatise on the subject 
should soon be published. 

‘I regret that I have so imperfectly fulfilled this last request 
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of my revered friend. When it was made I was already engaged, 
along with Sir W. Thomson, in the laborious work of preparing 
a large Treatise on Natural Philosophy. The present volume has 
thus been written under very disadvantageous circumstances, 
especially as I have not found time to work up the mass of 
materials which I had originally collected for it, but which I 
had not put into a fit state for publication. I hope, however, 
that I have to some extent succeeded in producing a thoroughly 
elementary work, intelligible to any ordinary student ; and that 
the numerous examples I have given, though not specially 
chosen so as to display the full merits of Quaternions, will 
yet sufficiently shew their admirable simplicity and naturalness 
to induce the reader to attack the Lectures and the Hlements ; 
where he will find, in profusion, stores of valuable results, and 
of elegant yet powerful analytical investigations, such as are 
contained in the writings of but a very few of the greatest 
mathematicians. For a succinct account of the steps by which 
' Hamilton was led to the invention of Quaternions, and for 
other interesting information regarding that remarkable genius, 
I may refer to a slight sketch of his life and works in the 
North British Review for September 1866. 

‘It will be found that I have not servilely followed even so 
great a master, although dealing with a subject which is entirely 
his own. I cannot, of course, tell in every case what I have 
gathered from his published papers, or from his voluminous 
correspondence, and what I may have made out for myself. 
Some theorems and processes which I have given, though wholly 
my own, in the sense of having been made out for myself before 
the publication of the Hlements, I have since found there. Others 
also may be, for I have not yet read that tremendous volume 
completely, since much of it bears on developments unconnected 
with Physics. But I have endeavoured throughout to point out 
to the reader all the more important parts of the work which I 
know to be wholly due to Hamilton. A great part, indeed, may 
be said to be obvious to any one who has mastered the pre- 
liminaries ; still I think that, in the two. last Chapters especially, 
a good deal of original matter will be found. 


PREFACE TO THE SECOND EDITION. XI 


‘The volume is essentially a working one, and, particularly in 
the later Chapters, is rather a collection of examples than a 
detailed treatise on a mathematical method. I have constantly 
aimed at avoiding too great extension; and in pursuance of 
this object have omitted many valuable elementary portions 
of the subject. One of these, the treatment of Quaternion 
logarithms and exponentials, I greatly regret not having given. 
But if I had printed all that seemed to me of use or interest to 
the student, I might easily have rivalled the bulk of one of 
Hamilton’s volumes. The beginner is recommended merely to 
read the first five Chapters, then to work at Chapters VI, 
VII, VIIL* (to which numerous easy Examples are appended). 
After this he may work at the first five, with their (more 
difficult) Examples; and the remainder of the book should 
then present no difficulty. 

‘Keeping always in view, as the great end of every mathe- 
matical method, the physical applications, I haye endeavoured 
to treat the subject as much as possible from a geometrical 
instead of an analytical point of view. Of course, if we premise 
the properties of 2, 7, k merely, it is possible to construct from 
them the whole system+; just as we deal with the imaginary 
of Algebra, or, to take a closer analogy, just as Hamilton 
himself dealt with Couples, Triads, and Sets. This may be 
interesting to the pure analyst, but it is repulsive to the 
physical student, who should be led to look upon 7, j, &, from 
the very first as geometric realities, not as algebraic imagi- 
nares. 

‘The most striking peculiarity of the Calculus is that mul- 
tiplication is not generally commutative, i.e. that qr is in general 
different from rg, r and q being quaternions. Still it is to 
be remarked that something similar is true, in the ordinary 
cdordinate methods, of operators and functions: and therefore 


* [In this edition these Chapters are numbered VII, VIII, IX, respectively— 


Aug. 1889.] 
+ This has been done by Hamilton himself, as one among many methods he has 
employed; and it is also the foundation of a memoir by M. Allégret, entitled Hssai 


sur le Calcul des Quaternions (Paris, 1862). 
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the student is not wholly unprepared to meet it. No one is 
puzzled by the fact that log.cos.# is not equal to cos.log.a, 


or that rh a is not equal to uy Sometimes, indeed, this 
¢ 


rule is most absurdly violated, for it ig usual to take cos’# as 
equal to (cos)®, while cos*# is not equal to (cosa). No such 
incongruities appear in Quaternions ; but what is true of operators 
and functions in other methods, that they are not generally com- 
mutative, is in Quaternions true in the multiplication of (vector) 
coordinates. 

‘It will be observed by those who are acquainted with the 
Calculus that I have, in many cases, not given the shortest or 
simplest proof of an important proposition. This has been done 
with the view of including, in moderate compass, as great a 
variety of methods as possible. With the same object I have 
endeavoured to supply, by means of the Examples appended 
to each Chapter, hints (which will not be lost to the intelli- 
gent student) of farther developments of the Calculus. Many 
of these are due to Hamilton, who, in spite of his great origi- 
nality, was one of the most excellent examiners any University 
can boast of. 

‘It must always be remembered that Cartesian methods are 
mere particular cases of Quaternions, where most’ of the distinctive 
features have disappeared; and that when, in the treatment of 
any particular question, scalars have to be adopted, the Quaternion 
solution becomes identical with the Cartesian one. Nothing there- 
fore is ever lost, though much is generally gained, by employing 
Quaternions in preference to ordinary methods. In fact, even 
when Quaternions degrade to scalars, they give the solution 
of the most general statement of the problem they are applied 
to, quite independent of any limitations as to choice of particular 
coordinate axes. 

‘There is one very desirable object which such a work as this 
may possibly fulfil. The University of Cambridge, while seeking 
to supply a real want (the deficiency of subjects of examination for 
| mathematical honours, and the consequent frequent introduction 
of the wildest extravagance in the shape of data for “Problems Ob 
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is in danger of making too much of such elegant trifles as Trilinear 
Coordinates, while gigantic systems like Invariants (which, by the 
way, are as easily introduced into Quaternions as into Cartesian 
methods) are quite beyond the amount of mathematics which 
even the best students can master in three years’ reading, 
One grand step to the supply of this want is, of course, the 
introduction into the scheme of examination of such branches 
of mathematical physics as the Theories of Heat and Electricity. 
But it appears to me that the study of a mathematical method 
like Quaternions, which, while of immense power and compre- 
hensiveness, is of extraordinary simplicity, and yet requires 
constant thought in its applications, would also be of great 
benefit. With it there can be no “shut your eyes, and write 
down your equations,” for mere mechanical dexterity of analysis 
is certain to lead at once to error on account of the novelty of 
the processes employed. 

‘The Table of Contents has been drawn up so as to give the 
student a short and simple summary of the chief fundamental 
formulae of the Calculus itself, and is therefore confined to an 
analysis of the first five [and the two last] chapters. 

‘In conclusion, I have only to say that I shall be much obliged 
to any one, student or teacher, who will point out portions of the 
work where a difficulty has been found; along with any inaccuracies 
which may be detected. As I have had no assistance in the revision 
of the proof-sheets, and have composed the work at irregular in- 
tervals, and while otherwise laboriously occupied, I fear it may 
contain many slips and even errors. Should it reach another 
edition there is no doubt that it will be improved in many 


important particulars.’ 


To this I have now to add that I have been equally surprised 
and delighted by so speedy a demand for a second edition—and the 
more especially as I have had many pleasing proofs that the 
work has had considerable circulation in America. There seems 
now at last to be a reasonable hope that Hamilton’s grand 
invention will soon find its way into the working world of science, 
to which it is certain to render enormous services, and not be laid 
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aside to be unearthed some centuries hence by some. grubbing 
antiquary. 

It can hardly be expected that one whose time is mainly en- 
grossed by physical science, should devote much attention to the 
purely analytical and geometrical applications of a subject like this; 
and I am conscious that in many parts of the earlier chapters I 
have not fully exhibited the simplicity of Quaternions. I hope, 
however, that the corrections and extensions now made, especially 
in the later chapters, will render the work more useful for my chief 
object, the Physical Applications of Quaternions, than it could 
have been in its first crude form. 

I have to thank various correspondents, some anonymous, for 
suggestions as well as for the detection of misprints and slips of 
the pen. The only absolute error which has been pointed out to 
me is a comparatively slight one which had escaped my own notice: 
a very grave blunder, which I have now corrected, seems not to 
have been detected by any of my correspondents, so that I cannot 
be quite confident that others may not exist. 

I regret that I have not been able to spare time enough to 
rewrite the work; and that, in consequence of this, and of the 
large additions which have been made (especially to the later 
chapters), the whole will now present even a more miscellaneously 
jumbled appearance than at first. 

It is well to remember, however, that it is quite possible to 
make a book too easy reading, in the sense that the student may 
read it through several times without. feeling those difficulties 
which (except perhaps in the case of some rare genius) must 
attend the acquisition of really useful knowledge. It is better to 
have a rough climb (even cutting one’s own steps here and there) 
than to ascend the dreary monotony of a marble staircase or a 
well-made ladder. Royal roads to knowledge reach only the 
particular locality aimed at—and there are no views by the way. 
It is not on them that pioneers are trained for the exploration of 
unknown regions. 

But I am happy to say that the possible repulsiveness of my 
early chapters cannot long be advanced as a reason for not attack- 
ing this fascinating subject. A still more elementary work than 
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the present will soon appear, mainly from the pen of my colleague 
Professor KeLLAND. In it I give an investigation of the properties 
of the linear and vector function, based directly upon the Kine- 
matics of Homogeneous Strain, and therefore so different in method 
from that employed in this work that it may prove of interest to 
even the advanced student. 

Since the appearance of the first edition I have managed (at 
least partially) to effect the application of Quaternions to line, 
surface, and volume integrals, such as occur in Hydrokinetics, 
Flectricity, and Potentials generally. I was first attracted to 
the study of Quaternions by their promise of usefulness in 
such applications, and, though I have not yet advanced far in 
this new track, I have got far enough to see that it is certain 
in time to be of incalculable value to physical science. I have 
given towards the end of the work all that is necessary to put 
the student on this track, which will, I hope, soon be followed to 
some purpose. 

One remark more is necessary. I have employed, as the 
positive direction of rotation, that of the earth about its axis, or 
about the sun, as seen in our northern latitudes, i.e. that opposite 
to the direction of motion of the hands of a watch. In Sir W. 
Hamilton’s great works the opposite is employed. The student 
will find no difficulty in passing from the one to the other ; but, 
without previous warning, he is liable to be much perplexed. 

With regard to notation, I have retained as nearly as possible 
that of Hamilton, and where new notation was necessary I 
have tried to make it as simple and as little incongruous with 
Hamilton’s as possible. This is a part of the work in which great 
care is absolutely necessary; for, as the subject gains development, 
fresh notation is inevitably required ; and our object must be to 
make each step such as to defer as long as possible the revolution 
which must ultimately come. 

Many abbreviations are possible, and sometimes very useful in 
private work; but, as a rule, they are unsuited for print. Every 
analyst, like every short-hand writer, has his own special con- 
tractions; but, when he comes to publish his results, he ought 


invariably to put such devices aside. If all did not use a common 
c2 
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mode of public expression, but each were to print as he is in the 
habit of writing for his own use, the confusion would be utterly 
intolerable. 

Finally, I must express my great obligations to my friend 
M. M. U. Witxkinson of Trinity College, Cambridge, for the care 
with which he has read my proofs, and for many valuable sug- 
gestions. 


PVG TA: 


CoLLEGE, EDINBURGH, 
October 1873. 


CONTENTS. 


CHAPTER I.—VECTORS AND THEIR COMPOSITION . pp. 1—28 


Sketch of the attempts made to represent geometrically the imaginary of 
algebra. §§ 1—13. 

De Moivre’s Theorem interpreted in plane rotation. §§ 7, 8. 

Curious speculation of Servois. § 11. 

Elementary geometrical ideas connected with relative position, § 14. 

Definition of a Vecror. It may be employed to denote translation. Definition 
of currency. § 16. 

Expression of a vector by one symbol, containing implicitly three distinct 
numbers. Extension of the signification of the symbol =. § 18. 

The sign + defined in accordance with the interpretation of a vector as 
representing translation. § 19. 

Definition of —. It simply reverses the currency of a vector. § 20. 

Triangles and polygons of vectors, analogous to those of forces and of simul- 
taneous velocities. § 21. 

When two vectors are parallel we have 

a=aB. § 22, 

Any vector whatever may be expressed in terms of three distinct vectors, which 

are not coplanar, by the formula 
p=tatyBh + zy, 

which exhibits the three numbers on which the vector depends. § 23. 

Any vector in the same plane with a and 8 may be written 

p=azat+yB. § 24. 

The equation =p; 
between two vectors, is equivalent to three distinct equations among 
numbers. § 28. 

The Commutative and Associative Laws hold in the combination of vectors by 
the signs + and -. § 27. 


y 


Xvill CONTENTS. 


: whe. 
oa ieee a variable, and 8 eee yector, represents a line drawn through 
the origin parallel to f. 
p=a+2B 
is the equation of a line drawn through the extremity of a and parallel 
to B. § 28. 
p=yatxB 
represents the plane through the origin parallel to « and 8, while 
p=ytyat+axp 
denotes a parallel plane through the point y. § 29. 
The condition that p, a, 8 may terminate in the same line is 


- ppt+qat+rp=0, 
subject to the identical relation 
pt+qtr=0. 
Similarly pp+qatrB+sy=0, 
with ptqtr+s=0, 


is the condition that the extremities of four vectors lie in one plane. § 30. 


Examples with solutions. Conditions that a vector equation may represent a 
line, or a surface, 


The equation p=¢t 

represents a curve in space; while 
p=udgt 

is a cone, and p=ot+ua 


is a cylinder, both passing through the curve. § 31. 
Differentiation of a vector, when given as a function of one number. §§ 32—37. 
If the equation of a curve be 
p=$(s) 


where s is the length of the are, dp is a vector-tangent to the curve, and its 
length is ds. §§ 38, 39. 


Examples with solutions. §§ 40—43. 


EXAMPLES TO CHAPTER I. : : 3 ; ‘ é 28—30 


Cuapter II].—PRopDUucTs AND QUOTIENTS OF VECTORS . 31—57 


Here we begin to see what a quaternion is. When two vectors are parallel 
their quotient is a number. §§ 45, 46. 


When they are perpendicular to one another, their quotient is a vector perpen- 
dicular to their plane. §§ 47, 64, 72. 


When they are neither parallel nor perpendicular the quotient in general 
involves four distinct numbers—and is thus a QuaTERNION, § 47. 


A quaternion q regarded as the operator which turns one vector into another, 
It is thus decomposable into two factors, whose order is indifferent, the 
stretching factor or TmNsor, and the turni ng factor or VERSOR, 


These are 
denoted by Tq, and Ug. § 48. 


CONTENTS. xix 


The equation B=qa 
B 


ae oe Ba=q, but not in general 


Cece ef § 49. 
q or Ba~! depends only on the relative lengths, and directions, of B and a. 
§ 50. 


Reciprocal of a quaternion defined, 


B 


a 


gives 


q=— gives ; or qa=% 


B ’ 
1 
Se Stool U.gr=(09)—.. “Si 


or 
e 
. 


Definition of the Conjugate of a quaternion, 
Kq=(Tq)?q", 
and qKq=Kq.q=(Tq)?. § 52. 
Representation of versors by ares on the unit-sphere. § 53. 
Versor multiplication illustrated by the composition of ares. The process 
proved to be not generally commutative. § 54. 
Proof that K (qr)=Kr.Kq. § 55. 
Proof of the Associative Law of Multiplication 
p-qr=pq.r. §§ 57—60. 
[Digression on Spherical Conics. § 59*.] 
Quaternion addition and subtraction are commutative. § 61. 
Quaternion multiplication and division are distributive. § 62. 
Integral powers of a yersor are subject to the Index Law. § 63. 
Composition of quadrantal versors in planes at right angles to each other. 
Calling them i, 7, k, we have 
PaPah= =, g=a—7=hk) Jka — hai, M==th=), 
Ujk=—-1. §§ 64—71. 
A unit-vector, when employed as a factor, may be considered as a quadrantal 
yersor whose plane is perpendicular to the vector. Hence the equations ~ 
just written are true of any set of rectangular unit-vectors i, j,k. § 72. 


The product, and also the quotient, of two vectors at right angles to each other 
is a third perpendicular to both. Hence 
Ka=-a, 
and (Ta)? =aKa=-a. § 73. 
Every versor may be expressed as a power of some unit-vector. § 74. 
Every quaternion may be expressed as a power of a vector. § 75. 
The Index Law is true of quaternion multiplication and division. § 76. 
Quaternion considered as the sum of a Scarar and a Vector. 


q="=e+y=Sq+ Vq. §§ 77, 78. 


Proof that SKq=Sq, VKq=-Vq, 2Kq=K2Xq. §79. 
Quadrinomial expression for a quaternion 
qg=wtiatjy + ke. 
An equation between quaternions is equivalent to four equations between 
numbers (or scalars). § 80. 


xx CONTENTS. 


Second proof of the distributive law of multiplication. $§ 81—83. 
Algebraic determination of the constituents of the product and quotient of two 
vectors. §§ 83, 84. 
Second proof of the associative law of multiplication. § 85. 
Proof of the formulae SaB=Sa, 
VaB= —VBa, 
aB—=KBa, 
2SaB=aB8+ Ba, 
2VaB=a8 — Ba, 
S oGPSiS oth 
SegTs 15 TSG —= 9) 05 QT, 
S.aBy=S.Bya=S.yaB=—-S.ayB=&e., 
aap. gh AP XEN, 
the upper sign belonging to the scalar if the number of factors is even. 
gg 86—89. 
Proof of the formulae 
V.aVBy=~ySaB - BSya, 
V. aBy=aSBy — BSya+ySaB, 
V.aBy=V.-+yBa, 
V.VaBVyé=aS .Byi- BS . ay, 
=0S .aBy—yS. aBd, 
6S .aBy=aS.Byd+BS.yab+yS . a6, 
=VaBSyi+VBySad+VyaSBs. §§ 90—92. 
Hamilton’s proof that the product of two parallel vectors must be a scalar, and 
that of perpendicular vectors, a vector; if quaternions are to deal with 
space indifferently in all directions. § 93. 


Exampnes To CuHapter II. i ; : ; : : a= DS 


CHAPTER IIJ.—INTERPRETATIONS AND TRANSFORMA- 
TIONS OF QUATERNION EXPRESSIONS. : . 59—88 


If 6 be the angle between two vectors, a and B, we have 


(eh 28) ms 
S eco cos 6, SaB= — TaTB cos 6, 


TV Be ao sin 6, TVaB= TaTBsin6. §§ 94—96. 
a Ta 

Applications to plane trigonometry. § 97. 
The condition SaB=0 

shews that a is perpendicular to 8, while 

Vos— 0; 
shews that a and # are parallel. 
The expression S.aBy 


is the volume of the parallelepiped three of whose conterminous edges are 
a, B, y. Hence 


S.aBy=0 
shews that a, 8, y are coplanar, 


CONTENTS. XXxi 


Expression of S.a3y as a determinant. gg 98—102. 


Proof that (7q)?=(Sq)?+(TVq), 
and L'(qr)=TqTr. § 108. 


Simple propositions in plane trigonometry. § 104. 


Proof that —aSa™ is the vector reflected ray, when £ is the incident ray and a 
normal to the reflecting surface. § 105, 


Interpretation of a8y when it is a vector. § 106. 
Examples of variety in simple transformations. § 107. 
The relation among the distances, two and two, of five points in space. § 108. 
De Moivre’s Theorem, and Plane Trigonometry. §§ 109—111. 
Introduction to spherical trigonometry. §§ 112—116. 
Representation, graphic, and by quaternions, of the spherical excess. §§ 117,118. 
Interpretation of the Operator 
al ye 
in connection with rotation. Astronomical examples. §§ 119—122. 


Loci represented by different equations—points, lines, surfaces, and volumes. 


gg 123—126. 
Proof that r— (r2q?)t q4=U (rq+KrKq). § 127. 
Proof of the transformation 
fe os ee T (tp + px)\? 
(Sap)? + (SBp)? + (Srp)?=( P- f ) , 


where 2 it beds x 44 aaa at ae Uy). gg 128, 129. 
= on 


BrquaTERNIoNs. §§ 130-132. 
Convenient abbreviations of notation. §§ 133, 134. 


ExamMpLes To CuaptTer III. . ‘ ‘ ; ; , ; 89—93 


CHAPTER IV.—DIFFERENTIATION OF QUATERNIONS . 94—105 


Definition of a differential, 


d 
dr=dFq=L n \F (9 + <) - Fa A 

where dq is any quaternion whatever. 

We may write dF q=f (q, aq), 

where f is linear and homogeneous in dq; but we cannot generally write 

dFq=f(q)dq. §§ 135—138. 
Definition of the differential of a function of more quaternions than one. 
d (qr) =qar+dq.r, but not generally d (gr)=qdr+rdq. § 139. 


Proofs of fundamental differential expressions :— 


dlp ge 
Tp p 
GUD ple suis. 9 § 140, 
Up p 


Successive differentiation; Taylor’s theorem, §§ 141, 142. 


XXli CONTENTS. — 


If the equation of a surface be 


F (0)=C, 
the differential may be written 
Svdp=0, 


where » is a vector normal to the surface. § 144. 


Definition of Hamilton’s Operator 


ad ue af 
v= mee 2 J dy +k as 
Its effects on simple scalar and vector functions of position. Its square 
the negative of Laplace’s Operator. Expressions for the condensation and 
rotation due to a displacement. Application to fluxes, and to normals to 


surfaces. Precautions necessary inits use. §§ 145—149. 


Examenes To Cuapter IY. . : : = E < 106, 107 


CHAPTER V.—THE SOLUTION OF EQUATIONS OF THE 
First DEGREE . ; : . 2 : . 108—141 


The most general equation of the first degree in an unknown quaternion gq, 
may be written 
=V.aqb+S.cq=d, 
where a, b, c, dare given quaternions. Elimination of Sq, and reduction 
to the vector equation 
gp==.aSBp=y. §§ 150, 151. 
General proof that ¢%p is expressible as a linear function of p, gp, and ¢%p. 
§ 152. 
Value of @ for an ellipsoid, employed to illustrate the general theory. 
§§ 153—155. 
Hamilton’s solution of op=y- 
If we write Scogdp=Sp¢'c, 
the functions ¢ and ¢’ are said to be conjugate, and 
mo"V\u=VerO'n. 
Proof that m, whose value may be written as 


S.pr'ug'y 
S.d\ywo° ” 
is the same for all values of \, u,v. S$ 156—158. 
Proof that if Mg =M — Mg + Mg? — g°, 
where m= SOgudy + Prug'v + o'Ao wy) 
S. dw : 
and Mo = Stipes Guy + AG" py) 
a S. dw , 
(which, like m, are Invariants.) 
then My (P — 9) VAw= (mp — gx + 9?) Pru. 
Also that X=M,- d, 


whence the final form of solution 
mod t=m,—mMmop+¢g2. $$ 159, 160. 


oo 


CONTENTS. Xx 


Examples. §§ 161—173. 
The fundamental cubic 
p> — Ma? +m — m=( —g,) (¢— 92) (@ — gs) =. 
When ¢ is its own conjugate, the roots of the cubic are real; and the 
equation 
Vepp=0, 
or (p-9) p=0, 
is satisfied by a set of three real and mutually perpendicular vectors, 
Geometrical interpretation of these results. §§ 174—178. 
Proof of the transformation of the self-conjugate linear and vector function 
pp=fpt+hV. (itek) p (i—ek) 
where (p-g,)i=0, 
(¢- 93) k=0, 


91-9o° 
f=4(914 95), 


h= —4(9,—9.). 
Another transformation is 


¢p=aaVap+b8SBp. §§ 179—181. 
Other properties of ¢. Proof that 
Sp(¢-g)1p=0, and Sp (¢-h)p=0 
represent the same surface if 
mS pp p=ghp?. 
Proof that when ¢ is not self-conjugate 
dp=¢'p+Vep. §§ 182—184. 

Proof that, if q=ag¢a+Boo+ yoy, 

where a, f, y are any rectangular unit-vectors whatever, we have 

Sq=—-M,, Vq=e, 


where Vep=4(¢-¢’) p. 
This quaternion can be expressed in the important form 
q=V¢p. § 185. 


A non-conjugate linear and vector function of a vector differs from a self- 

conjugate one solely by a term of the form 
Vep. § 186. 

Graphic determination of the conditions that there may be three real vector 

solutions of 
Vopp=0. § 187. 

Degrees of indeterminateness of the solution of a quaternion equation— 
Examples. §§ 188—191. 

The linear function of a quaternion: is given by a symbolical biquadratic. 
§ 192. 

Particular forms of linear equations. Differential of the nth root of a quaternion, 
§§ 193—196. 

A quaternion equation of the mth degree in general involves a scalar equation 
of degree m*. § 197. 

Solution of the equation g?=qa+b. § 198. 


EXAMPLES TO CHAPTER VV. . ; - : . s A 142145 


XX1V CONTENTS. 


CHAPTER VI.—SKETCH OF THE ANALYTICAL THEORY 
OF QUATERNIONS : ; : : : . 146—159 


CHAPTER VIL—GEOMETRY OF THE STRAIGHT LINE 


AND PLANE. , ; ; " , : . 160214 
Exampues To Cuapter VII. . ‘ 5 é 5 ; ‘ 1s — al 07/ 
Cuaprer VIIL—TueEe SPHERE AND CycLtic ConE . 178—198 
Exawpurs to Cuaprer VIII. ‘ A F 4 5 199—201 


CHAPTER [X.—SURFACES OF THE SECOND DEGREE. 202—224 


ExamMpLes To CHaprer IX. . : : é : , : 924-929 


CHAPTER X.—GEOMETRY OF CURVES AND SURFACES 230— 269 


EXAMPLES TO CHAPTER X. : 5 . 5 ‘ . 270—278 


CHAPTER XI.—KINEMATICS , : E 4 . %79—304 


A. Kinematics of a Point. S§ 354—366. 


If p=¢t be the vector of a moving point in terms of the time, p is the vector 
velocity, and p the vector acceleration. 
g=p=¢' (t) is the equation of the Hodograph. 
p=tvp' +v°p” gives the normal and tangential accelerations. 
Vpp=0 if acceleration directed to a point, whence Vpp=y. 
Examples.—Planetary acceleration. Here the equation is 
oa FENG) 
p — Te ? 
giving Vpp=y; whence the hodograph is 
p=ey'—wUp.y, 
and the orbit is the section of 
uT'p=Se (y’e — p) 
by the plane Syp=0. 


Cotes’ Spirals, Epitrochoids, &e. §§ 354—366. 


B. Kinematics of a Rigid System. 8 367 —375, 


Rotation of a rigid system. Composition of rotations. If the position of a 
system at time ¢ is derived from the initial position by q( )q-, the 
instantaneous axis is 

e=2Vqq-}. 
Rodrigues’ céordinates. §§ 367—375. 


CONTENTS. XXV 


C. Kinematics of a Deformable System. S§ 376—386. 


Homogeneous strain. Criterion of pure strain. Separation of the rotational 
from the pure part. Extraction of the square root of a strain. A strain 
¢@ is equivalent to a pure strain ,/¢’¢ followed by the rotation $/./¢'¢. 
Simple Shear. §§ 376—8383. 

Displacements of systems of points. Consequent condensation and rotation. 
Preliminary about the use of V in physical questions. For displacement 
cg, the strain function is 

gr=T-StV.c. §§ 384—386. 


D. Axes of Inertia. § 387. 
Moment of inertia, Binet’s Theorem. § 387. 


EXAMPLES TO CHAPTER XI. . ‘. . 4 ‘ ‘ 304—308 


CHAPTER XIJ.—PHYSICAL APPLICATIONS . ; 309—409 


A. Statics of a Rigid System. S§ 389—403. 


Condition of equilibrium of a rigid system is ©S.8da=0, where f is a vector 
force, a its point of application. Hence the usual six equations in the 
form >8=0, 2VaB=0. Central axis. Minding’s Theorem, &c. §§ 389 
—403. 


B. Kinetics of a Rigid System. §§ 404—425. 


For the motion of a rigid system 
=S (ma — 8) 6a=0, 
whence the usual forms. Theorems of Poinsot and Sylvester. The 
equation 
2g=4¢"'(q-"74); 
where ¥ is given in terms of t and q if forces act, but is otherwise constant, 
contains the whole theory of the motion of a rigid body with one point 
fixed, Reduction to the ordinary form 
dt_dw_dx_dy a 
Bones 
Here, if no forces act, W, X, Y, Z are homogeneous functions of the third 
degree in w, 2, y, z. §§ 404—425. 


C. Special Kinetic Problems. S§ 426—430. 


Precession and Nutation. General equation of motion of simple pendulum, 
Foucault’s pendulum. §§ 426—430. 


D. Geometrical and Physical Optics. §§ 431—452. 


Problem on reflecting surfaces. § 431. 

Fresnel’s Theory of Double Refraction. Various forms of the equation of 
Fresnel’s Wave-surface; 
S.p(o—-p?)p=-1, T(p2-G¢7)-#p=0, 1=-pp?+(T£S)VNpV up. 
The conical cusps and circles of contact. Lines of vibration, &c, 
§§ 432452. 


XXvV1 CONTENTS. 


E. Electrodynamics. S§ 453—472. 


Electrodynamics. The vector action of a closed circuit on an element of 
current a, is proportional to Va,8 where 


Vada _ f dUa 
ne Tae Gh * 


the integration extending round the circuit. It can also be expressed 
as —VQ, where © is the spherical angle subtended by the circuit. This 
is a many-valued function. Special case of a circular current. Mutual 
action of two closed circuits, and of solenoids. Mutual action of magnets. 
Potential of a closed circuit. Magnetic curves. §§ 453—472. 


F. General Expressions for the Action between Linear Elements. § 473. 


Assuming Ampére’s data I, II, III, what is the most general expression for 
the mutual action between two elements? Particular cases, determined 
by a fourth assumption. Solution of the problem when I and II, alone, 
are assumed. Special cases, including y. Helmholtz’ form. § 473 (a)...(l). 


G. Application of V to certain Physical Analogies. S§ 474—478. 


The effect of a current-element on a magnetic particle is analogous to dis- 
placement produced by external forces in an elastic solid, while that 
of a small closed circuit (or magnet) is analogous to the corresponding 
vector rotation, 


H, Elementary Properties of V. S§ 479—481. 
SdpV = —-d=SdoV 


Rae th d 
her = intk d Vo=i1=+j— +k —; 
where o=tE+jn+ke an c taeve aomanare 
so that, if do = ¢dp, 
Vio 0 mnie 


J. Applications of V to Line, Surface and Volume Integrals. 
§§ 482—501. 
Proof of the fundamental theorem for comparing an integral over a closed 
surface with one through its content 
S{[SVods=ffSo Uvds. 
Hence Green’s Theorem. Examples in potentials and in conduction of 


heat. Limitations and ambiguities. Determination of the displacement 
in a fluid when the consequent rotation is given, §§ 482—494. 


Similar theorem for double and single integrals 
JScdp=JfS .UvVads. §§ 495—497. 
The fundamental forms, of which all the others are simple consequences, are 
Sdpu=ffdsV (UvY) u, 
Sf/Vuds=ffUvuds. §§ 498, 499. 
The first is a particular case of the second. § 500. 


Expression for a surface in terms of an integral through the enclosed volume, 
§ 499. 


CONTENTS. XXVIl 


K. Application of the V Integrals to Magnetic dc. Problems. 
§§ 502—506. 


Volume and surface distributions due to a given magnetic field. Solenoidal 
and Lamellar distributions. § 502. Magnetic Induction and Vector 
potential. § 503, Ampére’s Directrice. § 504. Gravitation potential of 
homogeneous solid in terms of a surface-integral. § 505. 


L. Application of V to the Stress-Function. S§ 507—511. 

When there are no molecular couples the stress-function is self-conjugate. 
§ 507. Properties of this function which depend upon the equilibrium 
of any definite portion of the solid, as a whole. § 508. Expression for 
the stress-function, in terms of displacement, when the solid is isotropic :— 

gwo= —n(SoV .¢+VSwa) — (¢ — 3n) wSVo. 

Examples. § 509. Work due to displacement in any elastic solid. Green’s 

21 elastic coefficients. § 511. 


M. The Hydrokinetic Equations. §§ 512, 513. 


Equation of continuity, for displacement o :— 
de de 
a i —SoV .e=eSVo. 
Equation for rate of change of momentum in unit volume:— 
do _ “dp 
—— -V (p+ |®)= -VQ. § 512. 
Term introduced by Viscosity :— 


ecV2g +4VSVo. (Miscellaneous Examples, 36.) 
Helmholtz’s Transformation for Vortex-motion :— 


n VWo=V.VV .cVV 0}: 
Thomson’s Transformation for Circulation :— 


250. [ 0-30" ? where f= - [Seay 
ot a a 


N. Use of V in connection with Taylor's Theorem. S§ 514—517. 


Proof that 


e S°Y #(p) =f (p +0). 
Applications and consequences. Separation of symbols of operation and their 
treatment as quantities. 


Applications of V in connection with the Calculus of Variations. 
§§ 518—527. 
If A=/QTdp 
we have 54 = —[QSUdpbp]+/{5QTdp+S . dp (QUSp)}, 
whence, if 4 is a maximum or minimum, 
d ion 
ds (Qp') -VQ=0. 
Applications to Varying Action, Brachistochrones, Catenaries, &c. §§ 518—526. 


Thomson’s Theorem that there is one, and but one, solution of the equation 
S.V(e2Vu)=4rr. § 527. 


MisceLLaANEous EXAMPLES A F A . ; F . 409-—421. 


vy 
~ y i ; ° 2 ety Wie 


i ee fe eh 


who ( D a ow 


QUATHRNIONS. 


CHAPTER I. 
VECTORS, AND THEIR COMPOSITION. 


1. For at least two centuries the geometrical representation 
of the negative and imaginary algebraic quantities, —1 and / —1 
has been a favourite subject of speculation with mathematicians. 
The essence of almost all of the proposed processes consists in 
employing such expressions to indicate the DIRECTION, not the 
length, of lines. 


2. Thus it was long ago seen that if positive quantities were 
measured off in one direction along a fixed line, a useful and lawful 
convention enabled us to express negative quantities of the same 
kind by simply laying them off on the same line in the opposite 
direction. This convention is an essential part of the Cartesian 
method, and is constantly employed in Analytical Geometry and 
Applied Mathematics. 

3. Wallis, towards the end of the seventeenth century, proposed 
to represent the impossible roots of a quadratic equation by going 
out of the line on which, if real, they would have been laid off. 
This construction is equivalent to the consideration of J-lasa 
directed unit-line perpendicular to that on which real quantities 
are measured. 

4. In the usual notation of Analytical Geometry of two 
dimensions, when rectangular axes are employed, this amounts 
to reckoning each unit of length along Oy as +,/—1, and on 
Oy’ as — /—1; while on Ox each unit is + 1, and on Oz’ it is— 1. 


T. Q. I. t 
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If we look at these four lines in circular order, ie. in the order of 
positive rotation (that of the northern hemisphere of the earth 
about its axis, or opposite to that of the hands of a watch), they 


give a 

LS La eke 
In this series each expression is derived from that which precedes 
it by multiplication by the factor vi —l1. Hence we may consider 
J —1 as an operator, analogous to a handle perpendicular to the 


plane of wy, whose effect on any line in that plane is to make it 
rotate (positively) about the origin through an angle of 90°. 


5. Insuch asystem, (which seems to have been first developed, 
in 1805, by Buée) a point in the plane of reference is defined by a 
single imaginary expression. Thus a+) /—1 may be considered 
as a single quantity, denoting the point, P, whose cdordinates are 
a and b. Or, it may be used as an expression for the line OP 
joining that point with the origin. In the latter sense, the ex- 
pression a+b / —1 implicitly contains the direction, as well as the 
length, of this line; since, as we see at once, the direction is 
inclined at an angle tan™6/a to the axis of x, and the length is 
J/a?+0*. Thus, say we have 

OP=a+t+b J-1; 

the line OP considered as that by which we pass from one 


extremity, O, to the other, P. In this sense it is called a VECTOR. 
Considering, in the plane, any other vector, 


OQ=a +0 /-1; 
the addition of these two lines obviously gives 
OR=a+a+(b+b)J/-1; 
and we see that the sum is the diagonal of the parallelogram on 


OP, OQ. This is the law of the composition of simultaneous 


velocities; and it contains, of course, the law of subtraction of one 
directed line from another. 


6. Operating on the first of these symbols by the factor J —1, 
it becomes —b+a,/—1; and now, of course, denotes the point 
whose w and y cOordinates are —b and a; or the line joining this 
point with the origin. The length is still / a? +8%, but the angle 
the line makes with the axis of # is tan (— a/b); which - 


is 
evidently greater by 7/2 than before the operation. 
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7. De Moivre’s Theorem tends to lead us still further in the 
same direction. In fact, it is easy to see that if we use, instead 


of /—1, the more general factor cos a+./—1 sin a, its effect on 
any line is to turn it through the (positive) angle ain the plane 


of w, y. [Of course the former factor, /—1, is merely the par- 
ticular case of this, when 2 = 77/2.) 
Thus (cos a+, /—1 sin a) (a+b /—1) 
=a cos a—bsina+,/—1 (asin a+b cosa), 
by direct multiplication. The reader will at once see that the new 
form indicates that a rotation through an angle « has taken place, 
if he compares it with the common formule for turning the cé- 


ordinate axes through a given angle. Or, in a less simple manner 
thus— 


Length =,/ (acos a—b sina)’ +(a sin a + 6 cos a) 
= / +d as before. 


Inclination to axis of w 


> 


b 
; tan a+-— 
-,@sin a+b cos a a 


acosa—bsina 


1 


= tan — tan 


1] —- tana 
a 


=a+tan™b/a. 
8. We see now, as it were, why it happens that 
(cos a+ —1 sin a)"=cos ma + J —1 sin ma. 


In fact, the first operator produces m successive rotations in the 
same direction, each through the angle a; the second, a single 
rotation through the angle ma. 


9, It may be interesting, at this stage, to anticipate so far as to 
remark that in the theory of Quaternions the analogue of 
cos 6 +./—1sin 0 
is cos 6+ asin 0, 
where a= — 1. 
Here, however, a is not the algebraic J —1, but is any directed 
untt-line whatever in space. 


10. In the present century Argand, Warren, Mourey, and 


others, extended the results of Wallis and Buée. They attempted 
. 1—2 
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to express as a line the product of two lines each represented by a 
symbol such as a +b,/—1. To a certain extent they succeeded, 
but all their results remained confined to two dimensions. 

The product, II, of two such lines was defined as the fourth 
proportional to unity and the two lines, thus 

Lath 1 sao) 1 i, 

or II = (aa’' — bb’) + (vb + Va) ne 

The length of II is obviously the product of the lengths of the 
factor lines; and its direction makes an angle with the axis of « 


which is the sum of those made by the factor lines. From this 
result the quotient of two such lines follows immediately. 


11. A very curious speculation, due to Servois and published 
in 1813 in Gergonne’s Annales, is one of the very few, so far as has 
been discovered, in which a well-founded guess at a possible mode 
of extension to three dimensions is contained. KEndeavouring to 
extend to space the form a + b./ —1 for the plane, he is guided by 
analogy to write for a directed unit-line in space the form 


pcosa+qcos8 +7 cos y, 
where 4, 8, y are its inclinations to the three axes. He perceives 
easily that p, g, r must be non-reals: but, he asks, “seraient-elles 
imaginaires réductibles & la forme générale 4+ BJ/—12” The 
7,9, k of the Quaternion Calculus furnish an answer to this question. 


(See Chap. I.) But it may be remarked that, in applying the 
idea to lines in a plane, a vector OP will no longer be represented 


(as in § 5) by 


OP=a+bJ/=1, 
but by OP = pa + qb. 
And if, similarly, OQ=pa'+q, 


the addition of these two lines gives for OR (which retains its 
previous signification) 


OR=p(a+a')+q (b+). 


12. Beyond this, few attempts were made, or at least recorded 
in earlier times, to extend the principle to space of three dimen: 
sions ; and, though many such had been made before 1843, none 
with the single exception of Hamilton’s, have resulted in sinipie 
practical methods; all, however ingenious, seeming to lead aliiose 
at once to processes and results of fearful complexity. | 


14. | VECTORS, AND THEIR COMPOSITION, 5 


For a lucid, complete, and most impartial statement of the 
claims of his predecessors in this field we refer to the Preface to 
Hamilton’s Lectures on Quaternions. He there shews how his long 
protracted investigations of Sets culminated in this unique system 
of tridimensional-space geometry. 


13. It was reserved for Hamilton to discover the use and 
properties of a class of symbols which, though all in a certain sense 
Square roots of —1, may be considered as real unit lines, tied down 
to no particular direction in space; the expression for a vector is, 
or may be taken to be, 

p=wt+jytke; 
but such vector is considered in connection with an extraspatial 
magnitude w, and we have thus the notion of a QUATERNION 


W + p. 


This is the fundamental notion in the singularly elegant, and 
enormously powerful, Calculus of Quaternions. 

While the schemes for using the algebraic / —1 to indicate 
direction make one direction in space expressible by real numbers, 
the remainder being imaginaries of some kind, and thus lead to 
expressions which are heterogeneous ; Hamilton’s system makes all 
directions in space equally imaginary, or rather equally real, there- 
by ensuring to his Calculus the power of dealing with space 
indifferently in all directions. 

In fact, as we shall see, the Quaternion method is independent 
of axes or any supposed directions in space, and takes its reference 
lines solely from the problem it is applied to. 


14. But, for the purpose of elementary exposition, it is best 
to begin by assimilating it as closely as we can to the ordinary 
Cartesian methods of Geometry of Three Dimensions, with which 
the student is supposed to be, to some extent at least, acquainted. 
Such assistance, it will be found, can (as a rule) soon be dispensed 
with; and Hamilton regarded any apparent necessity for an oc- 
casional recurrence to it, in higher applications, as an indication 
of imperfect development in the proper methods of the new 
Calculus. 

Wecommence, therefore, with some very elementary geometrical 
ideas, relating to the theory of vectors in space. It will subsequently 
appear how we are thus led to the notion of a Quaternion. 
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15. Suppose we have two points A and Bin space, and sup- 
pose A given, on how many numbers does B’s relative position 
depend ? 

If we refer to Cartesian odordinates (rectangular or not) we find 
that the data required are the excesses of B’s three coordinates 
over those of A. Hence three numbers are required. 

Or we may take polar céordinates. To define the moon’s 
position with respect to the earth we must have its Geocentric 
Latitude and Longitude, or its Right Ascension and Declination, 
and, in addition, its distance or radius-vector. Three again. 


16. Here it is to be carefully noticed that nothing has been 
said of the actual céordinates of either A or B, or of the earth 
and moon, in space; it is only the relatwe coordinates that are 
contemplated. 

Hence any expression, as AB, denoting a line considered with 
reference to direction and currency as well as length, (whatever 
may be its actual position in space) contains implicitly three 
numbers, and all lines parallel and equal to AB, and concurrent 
with it, depend in the same way upon the same three. Hence, ali 
lines which are equal, parallel, and concurrent, may be represented 
by a common symbol, and that symbol contains three distinct numbers. 
In this sense a line is called a VECTOR, since by it we pass from 
the one extremity, A, to the other, B; and it may thus be 
considered as an instrument which carmes A to B: so that a 
vector may be employed to indicate a definite translation in space. 

[The term “currency” has been suggested by Cayley for use 
instead of the somewhat vague suggestion sometimes taken to 
be involved in the word “direction.” Thus parallel lines have 
the same direction, though they may have similar or opposite 
currencies. The definition of a vector essentially includes its 
currency. | 


17. We may here remark, once for all, that in establishing a 
new Calculus, we are at liberty to give any definitions whatever 
of our symbols, provided that no two of these interfere with, or 
contradict, each other, and in doing so in Quaternions simplicity 
and (so to speak) naturalness were the inventor’s aim. 


18, Let AB be represented by a, we know that a involves 
three separate numbers, and that these depend solely upon the 
position of B relatively to A. Now if CD be equal in length to AB 
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and if these lines be parallel, and have the same currency, we may 
evidently write 
CD = AB =a, 
where it will be seen that the sign of equality between vectors 
contains implicitly equality in length, parallelism in direction, 
and concurrency. So far we have extended the meaning of an 
algebraical symbol. And it is to be noticed that an equation 
between vectors, as 
a=, 


contains three distinct equations between mere numbers. 


19. We must now define + (and the meaning of — will follow) 
in the new Calculus. Let A, B, C be any three points, and (with 
the above meaning of =) let 

Thea pao Ly, 

If we define + (in accordance with the idea (§ 16) that a vector 

represents a translation) by the equation 

a+B=y, 

or AB+BC=AGC, 

we contradict nothing that precedes, but we at once introduce the 
idea that vectors are to be compounded, in direction and magnitude, 
like simultaneous velocities. A reason for this may be seen in 
another way if we remember that by adding the (algebraic) differ- 
ences of the Cartesian coordinates of B and A, to those of the 
coordinates of C and B, we get those of the coordinates of C and 
A. Hence these cdordinates enter linearly into the expression for 
a vector. (See, again, § 5.) 


20. But we also see that if C and A coincide (and C may be 


any point) th 
AC=0, 


for no vector is then required to carry A to @. Hence the above 
relation may be written, in this case, 
AB+BA=0, 
or, introducing, and by the same act defining, the symbol —, 
BA=-— AB. 
Hence, the symbol —, applied to a vector, simply shews that cts 
currency is to be reversed. 


} 


\ 
t 
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And this is consistent with all that precedes ; for instance, 


AB+BC=AC, 
and ABO = 5G, 
or =AC+OB, 


are evidently but different expressions of the same truth. 


21. In any triangle, ABC, we have, of course, 
AR BOCA 0; 
and, in any closed polygon, whether plane or gauche, 
AB+BCt...... +YZ+ZA=0. 
In the case of the polygon we have also 
AB+BC+...... 4+ YZ=AZ. 


These are the well-known propositions regarding composition 
of velocities, which, by Newton’s second law of motion, give us 
the geometrical laws of composition of forces acting at one point. 


22. If we compound any number of parallel vectors, the result 
is obviously a numerical multiple of any one of them. 

Thus, if A, B, C are in one straight line, 

BO=a AB; 

where w is a number, positive when B lies between A and C, other- 
wise negative: but such that its numerical value, independent 
of sign, is the ratio of the length of BC to that of AB. This is 
at once evident if AB and BC be commensurable; and is easily 
extended to incommensurables by the usual reductio ad absurdum. 


23, An important, but almost obvious, proposition is that any 
vector may be resolved, and in one way only, into three components 
parallel respectively to any three given vectors, no two of which are 
parallel, and which are not parallel to one plane. 

Let OA, OB, OC be the three fixed o 
vectors, OP any other vector. From P draw ie 
PQ parallel to CO, meeting the plane BOA 
in . [There must be a definite point Q, 
else PQ, and therefore CO, would be parallel 
to BOA, a case specially excepted.] From Q O 
draw QR parallel to BO, meeting OA in R, Re 


Then we have OP=OR+RQ+QP (§ 21), A 
and these components are respectively parallel to the three given 
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vectors. By § 22 we may express OR as a numerical multiple 

of OA, RQ of OB, and QP of OC. Hence we have, generally, for 

any vector in terms of three fixed non-coplanar vectors, a, 8, y, 
OP =p=2a+yB8 +29, 

which exhibits, in one form, the three numbers on which a vector 

depends (§ 16). Here a, y, 2 are perfectly definite, and can have 

but single values. 


24. Similarly any vector, as OQ, in the same plane with O0.A 
and OB, can be resolved (in one way only) into components OR, 


RQ, parallel respectively to OA and OB; so long, at least, as these 
two vectors are not parallel to each other. 


25, There is particular advantage, in certain cases, in em- 
ploying a series of three mutually perpendicular wnit-vectors as 
lines of reference. This system Hamilton denotes by 3, j, k. 

Any other vector is then expressible as 

p=aity+zk. 
Since 1, 7, & are unit-vectors, w, y, z are here the lengths of 
conterminous edges of a rectangular parallelepiped of which p 
is the vector-diagonal ; so that the length of p is, in this case, 


Let a=Fi+nt+ bk 
be any other vector, then (by the proposition of § 23) the vector 
equation p=a 


obviously involves the following three equations among numbers, 
a=, y=, a=, 

Suppose 7 to be drawn eastwards, j northwards, and & upwards, 
this is equivalent merely to saying that ¢f two points coincide, they 
are equally to the east (or west) of any third point, equally to the 
north (or south) of it, and equally elevated above (or depressed below) 
its level. 

26. It is to be carefully noticed that it is only when a, 8, y 
are not coplanar that a vector equation such as 

Prat 

or wa+yB + 2y= a+ 8+ by, 
necessitates the three numerical equations 


a= €, Cia, aw a 
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For, if ¢, 8,y be coplanar (§ 24), a condition of the following form 
-must hold 


y=aa+ dB. 
Hence p=(x+2a)a+(y+ 2b) B, 
a= (E+ a) a+ (n+) B, 
and the equation p=oa 


now requires only the ¢wo numerical conditions 
a+z2a=&+ fa, yt+2b=n- &b. 


27. The Commutative and Associative Laws hold in the com- 
bination of vectors by the signs+and—. It is obvious that, if we 
prove this for the sign + , it will be equally proved for — , because 
— before a vector (§ 20) merely indicates that it is to be reversed 
before being considered positive. 

Let A, B, C, D be, in order, the corners of a parallelogram ; we 
have, obviously, 

AB=D0, AD=BC. 
And AB+BC=AC=AD+ DO0= BC+ AB. 

Hence the commutative law is true for the addition of any two 
vectors, and is therefore generally true. 


Again, whatever four points are represented by A, B, C, D, we 
have 


AD=AB+BD=AC+CD, 


or substituting their values for AD, BD, AC respectively, in these 
three expressions, 


AB+ BC+CD=AB + (BO + OD) =(AB + BO) + OD. 
And thus the truth of the associative law is evident. 


28. The equation 
p=aB, 
where p is the vector connecting a variable point with the origin, 
8 a definite vector, and # an indefinite number, represents the 
straight line drawn from the origin parallel to B (§ 22). 


The straight line drawn from A, where OA =a, and parallel 
to B, has the equation 


| eget Sen ts © ROPER ENS VIE oe creo any 
In words, we may pass directly from O to P by the vector OP or 


p; or we may pass first to A, by means of OA or a, and then to P 
along a vector parallel to 8 (§ 16). 


“4 
j 
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Equation (1) is one of the many useful forms into which 
Quaternions enable us to throw the general equation of a straight 
line in space. As we have seen (§ 25) it is equivalent to three 
numerical equations; but, as these involve the indefinite quantity 
wx, they are virtually equivalent to but two, as in ordinary Geometry 
of Three Dimensions. 


29. A good illustration of this remark is furnished by the fact 

that the equation 
p=Yya+ xB, 

which contains two indefinite quantities, is virtually equivalent to 
only one numerical equation. And it is easy to see that it re- 
presents the plane in which the lines @ and 8 lie; or the surface 
which is formed by drawing, through every point of OA, a line 
parallel to OB. In fact, the equation, as written, is simply § 24 
in symbols. 

And it is evident that the equation 

p=ytye+ xB 

is the equation of the plane passing through the extremity of y, 
and parallel to « and £. 

It will now be obvious to the reader that the equation 

P=P,%, + Pete terre: = pa, 

where @,, a,, &c. are given vectors, and p,, p,, &c. numerical quan- 
tities, represents a straight line if p,, p,, &c. be linear functions of 
one indeterminate number; and a plane, if they be linear expres- 
sions containing two indeterminate numbers. Later (§ 31 (0), 
this theorem will be much extended. 

Again, the equation 

p=aat+yB + zy 

refers to any point whatever in space, provided a, 8, y are not 
coplanar. (Ante, § 23.) 


30. The equation of the line joining any two points A and B, 
where OA =a and OB=8, is obviously 
p=a+a(8—a), 
or p=B+y (ah). 
These equations are of course identical, as may be seen by putting 


1—y for x. 
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The first may be written 
p+(x—1)a—x#P =0; 

or ppt+qet+rB =9, 
subject to the condition p+q+r=0 identically. That is—A 
homogeneous linear function of three vectors, equated to zero, 
expresses that the extremities of these vectors are in one straight 
line, if the sum of the coefficients be identically zero. 

Similarly, the equation of the plane containing the extremities 
A, B, CG of the three non-coplanar vectors a, 8, y 18 


p=ata(B—a)+y(y—8), 
where « and y are each indeterminate. 
This may be written 
pptqat+rB +sy=0, 
with the identical relation 


pt+qtrt+s=0, 


which is one form of the condition that four points may lie in one 
plane. 


31. We have already the means of proving, in a very simple 
manner, numerous classes of propositions in plane and solid 
geometry. A very few examples, however, must suffice at this 
stage; since we have hardly, as yet, crossed the threshold of the 
subject, and are dealing with mere linear equations connecting two 
or more vectors, and even with them we are restricted as yet to 
operations of mere addition. We will give these examples with a 
painful minuteness of detail, which the reader will soon find to be 
necessary only for a short time, if at all. 


(a) The diagonals of a parallelogram bisect each other. 


Let ABCD be the parallelogram, O the point of intersection of 
its diagonals. Then 


AO + O0B=AB=D0=D0+ 06, 
which gives AOQ—OC=DO-OB. 


The two vectors here equated are parallel to the diagonals respect- 
ively. Such an equation is, of course, absurd unless 


(1) The diagonals are parallel, in which case the figure 
is not a parallelogram ; 


(2) AO=OC, and DO=OB, the proposition. 


es 
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(b) To shew that a triangle can be constructed, whose sides 
are parallel, and equal, to the bisectors of the sides of any 
triangle. 

Let ABC be any triangle, Aa, Bb, Oc the bisectors of the 
sides, 


Then Aa=AB+Ba=A +4 BO, 
Bb - - - =BC+}304, 
Gee 04 +448. 
Hence Aa+ Bb+Oc=3(AB+BO0+CA)=0; 
which (§ 21) proves the proposition. 
Also Aa=AB+iBC 


= AB-—4(CA+AB) 
= (ZB — GA) = 5 (AB-+ A0), 
results which are sometimes useful. They may be easily verified 


by producing Aa to twice its length and joining the extremity 
with B. 


(b') The bisectors of the sides of a triangle meet in a point, 
which trisects each of them. 

Taking A as origin, and putting a, 8, y for vectors parallel, and 
equal, to the sides taken in order BC, CA, AB; the equation of 
Bb is (§ 28 (1)) 


p=rte(7+§) ae Le 22) ye 5 
That of Cc is, in the same way, 
p=-(1+y)B—-Fy¥- 
At the point O, where Bb and Cc intersect, 
p=(1+e)y+58=—-(+y) 8-57. 
Since y and £ are not parallel, this equation gives 
, and a= — (1-44). 


From these g=y=— 
Hence AO=43(y—8)=3Aa. (See Ex. (0).) 


3 
This equation shews, being a vector one, that Aa passes 
through O, and that AO: Oa :: 2:1. 
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(c). Lf OA =a, 
OB=B, 
OC=la+mB, 


be three given co-planar vectors, c the intersection of AB, OC, and 
if the lines indicated in the figure be drawn, the points a,, b,, ¢, he 
in a straight line. 


We see at once, by the process indicated in § 30, that 


ee) ae ree Oe! 

on Or a ete tae eer prag ht 
Hence we easily find 
aS mp 7 la i =a +8 
OS Timo 12) =e ri 
These give 


—(1—1— 2m) Oa, + (1 — 21 — m) Ob, — (m —D) Oc, = 0. 
But —(1—l—2m)+ (0 —2l1—m)—(m-—1)=0 identically. 
This, by § 30, proves the proposition. 
(d) LetOA=a, OB= 8, be any two vectors. If MP be a 
given line parallel to OB; and OQ, BQ, be drawn parallel to AP, 
OP respectively ; the locus of Q is a straight line parallel to OA. 


Let OM =ea. 
Then AP =e—1a+a8. 


) 
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Hence the equation of OQ is © 


p=y(e—la+a8); 
and that of BQ is p=B+2(ea+ x8). 
At Q we have, therefore, 


ay=1+4 2a, 
y (e—1)=2e. 
These give wy =e, and the equation of the locus of Q is 
p=eB+ ya, 


i.e. a straight line parallel to 0A, drawn through V in OB pro- 
duced, so that 
ON :0B::0M:OA. 
Cor. If BQ meet MP in g, Pg=8; and if AP meet NQ in 
p, Op =4. 
Also, for the point R we have pR= AP, QR= Bq. 


Further, the locus of R is a hyperbola, of which MP and NQ 
are the asymptotes. See, in this connection, § 31 (/) below. 


Hence, if from any two points, A and B, lines be drawn inter- 
cepting a given length Pq on a given line Mq; and if, from R their 
point of intersection, Rp be laid off = PA, and RQ=qB; Q and p 
lie on a fixed straight line, and the length of Qp ts constant. 

(e) To find the centre of inertia of any system of masses. 

If OA =a, OB=<., be the vector sides of any triangle, the 
vector from the vertex dividing the base AB in C so that 
BC: CA :: m hm, 

Ma + M4, 
m+m, ~ 


For AB is a, —a, and therefore AC is 


Hence 0C=0A+AO 


_ma+m, 4, 

 m+m, ” 
This expression shews how to find the centre of inertia of two 
masses; m at the extremity of a, m, at that of ,. Introduce m, 
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at the extremity of a,, then the vector of the centre of inertia of the 
three is, by a second application of the formula, 
a+ m7, 
GBS Ge =) ; pas _ Ma+mM, 4, +N, 4, 
(m+m,) +m, —  m+m,+tm, ~ 
From this it is clear that, for any number of masses, expressed 
generally by m at the extremity of the vector a, the vector of the 


centre of inertia is 


This may be written rm (a— B)=9. 
Now a, -- # is the vector of m, with respect to the centre of inertia. 
Hence the theorem, Jf the vector of each element of a mass, drawn 
from the centre of inertia, be increased in length in proportion to the 
mass of the element, the sum of all these vectors is zero. 

(f) We see at once that 
the equation 


Bt 

9? 

where ¢ is an indeterminate 
number, and a, 8 given vec- 

tors, represents a parabola. 
The origin, O, is a point on =f 
the curve, 8 is parallel to 

the axis, ie. is the diameter 

OB drawn from the origin, 

and ais OA the tangent at the origin. In the figure 


QP=a, 0Q=. 


p=att+ 


The secant joining the points where ¢ has the values ¢ and ¢’ is 
represented by the equation 


tm bt ualsie BE 
paat+ > +o(at!+ 9 t—-) (§ 30) 


is ae ip oo 
=at + -+2(¢ —) are. 


Write x for #(t’/—t) [which may have any value], then put ¢ =¢ 
and the equation of the tangent at the point (¢) is 


> 


fa 
paar + wv (a+ Bt), 
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In this put «=—t, and we have 


=_ oy “ 
or the intercept of the tangent on the diameter is equal in length 
to the abscissa of the point of contact, but has the opposite 
currency. 
Otherwise: the tangent is parallel to the vector a+ At or 


at + Bt or ore or 0Q+0P. But TP=7T0+O0P, 
hence 70 = OQ. 


(g) Since the equation of any tangent to the parabola is 
fe 
p=at+ 2 +a (a+ Bt), 


let us find the tangents which can be drawn from a given point. 
Let the vector of the point be 


p=patqB8 (§ 24). 
Since the tangent is to pass through this point, we have, as con- 
ditions to determine ¢ and a, 


t+x2=p, 
ii 
2 +at=q; 
by equating respectively the coefficients of a and £. 
Hence t=prt.J/ p*— 29. 


Thus, in general, two tangents can be drawn from a given point. 
These coincide if p= 29; 
that is, if the vector of the point from which they are to be drawn 
2 
is p=pat qB=pat+4 p, 


ie. if the point lies on the parabola. They are imaginary if 
2q >>’, that is, if the point be 


p=pat @ + r) B, 
r being positive. Such a point is evidently within the curve, as at 
2 — — 
R, where OQ = B, OP =pa, PR=rB. 


T, Q. I. 
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(h) Calling the values of ¢ for the two tangents found in (q) 
t, and #, respectively, it is obvious that the vector joining the 
points of contact is 


Bi? Bt,” 
Obie gr ule aga 
: : t t 
which is parallel to a+B ae 


or, by the values of ¢, and ¢, in (g), 


a+ pp. 
Its direction, therefore, does not depend on q. In words, If pairs of 
tangents be drawn to a parabola from points of a diameter produced, 
the chords of contact are parallel to the tangent at the vertex of the 
diameter. This is also proved bya former result, for we must have 
OT for each tangent equal to QO. 


(t) The equation of the chord of contact, for the point whose 
vector is 


p= pat, 
is thus p=at,+ ah +y (a+ pB). 
Suppose this to pass always through the point whose vector is 
p =aa+t bB. 
Then we must have i+y=a, . 
2 
+ py =6; | 
‘ 
or tpt p — 2pa + 2b. 
Comparing this with the expression in (g), we have 
q=pa—b; 


that is, the point from which the tangents are drawn has the vector 
p= pa+ (pa—b) B 
=—b8+p(a4+a8), a straight line (§ 28 (1)). 
The mere form of this expression contains the proof of the usual 


properties of the pole and polar in the parabola; but, for the sake 


of the beginner, we adopt a simpler, though equally general. 
process. 


Suppose a=0. This merely restricts the pole to the particuk 
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diameter to which we have referred the parabola, Then the pole 


is Q, where p= be: 
and the polar is the line 7'U, for which 
=—bB+pa. 


Hence the polar of any point is parallel to the tangent at the 
extremity of the diameter on which the point lies, and its inter- 
section with that diameter is as far beyond the vertex as the pole 
is within, and vice versd. 


(j) As another example let us prove the following theorem. 
If a triangle be inscribed in a parabola, the three points in which 
the sides are met by tangents at the angles lie in a straight line. 


Since O is any point of the curve, we may take it as one corner 
of the triangle. Let ¢ and ¢, determine the others. Then, if 
@,, @,, @, represent the vectors of the points of intersection of the 
tangents with the sides, we easily find 


9 


Bt Wea 
a= = =~ 
; reah ae he 


oe Re 
= = = ((), 
t, Bo, i on tt, or 
tie er ee eee 
; eek — = (0) identically. 
Also f ; it, we 


Hence, by § 30, the proposition is proved. 


(k) Other interesting examples of this method of treating 

curves will, of course, suggest themselves to the student. Thus 
p =acost+fPsint 

or p=ar+B fia 
represents an ellipse, of which the given vectors a and B are semi- 
conjugate diameters. If ¢ represent time, the radius-vector of this 
ellipse traces out equal areas in equal times. [We may anticipate 
so far as to write the following :— 
2 Area = T'[Vpdp = TVa . fat ; 
Evich will be easily understood later. ] 
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Again, p=at+e or p=atana+ cots 


evidently represents a hyperbola referred to its asymptotes. [If 
t represent time, the sectorial area traced out is proportional to 
log t, taken between proper limits. ] ; 

Thus, also, the equation 

p=a(t+sin t)+ cost 
in which a and # are of equal lengths, and at right angles to one 
another, represents a cycloid. The origin is at the middle point of 
the axis (28) of the curve. [It may be added that, if ¢ represent 
time, this equation shews the motion of the tracing point, provided 
the generating circle rolls uniformly, revolving at the rate of a 
radian per second.] 

When the lengths of a, 8 are not equal, this equation gives the 
cycloid distorted by elongation of its ordinates or abscissae :—not a 
trochoid. The equation of a trochoid may be written 

p=a(et+sint) +B cost, 
e being greater or less than 1 as the curve is prolate or curtate. 
The lengths of a and 8 are still taken as equal. 

But, so far as we have yet gone with the explanation of the 
calculus, as we are not prepared to determine the lengths or in- 
clinations of vectors, we can investigate only a very limited class of 
the properties of curves, represented by such equations as those 
above written. 


(1) We may now, in extension of the statement in § 29, make 
the obvious remark that 
p= 2 pa 
(where, as in § 23, the number of vectors, a, can always be reduced 
to three, at most) is the equation of a curve in space, if the 


numbers p,, p,, &c. are functions of one indeterminate. In such 
a case the equation is sometimes written 


p= $ (i). 
But, if p,, p, &e. be functions of two indeterminates, the locus of 
the extremity of p is a surface; whose equation is sometimes written 


p=$(t,u). 
[It may not be superfluous to call the reader’s attention to the 


fact that, in these equations, ¢ (t) or ¢ (¢, wv) is necessarily a vector 
expression, since it is equated to a vector, p.| 
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(m) Thus the equation 


p=acost+ Msind+yt........cccececceces (1) 
belongs to a helix, while 
p=acost+ Bsint+ yu ....... eee (2) 


represents a cylinder whose generating lines are parallel to y, and 
whose base is the ellipse 
p=acost+@sin t. 
The helix above lies wholly on this cylinder. 
Contrast with (2) the equation 
p=uU(acost+ Bsin £+7).........csceeenenees (3) 
which represents a cone of the second degree :—made up, in fact, 
of all lines drawn from the origin to the ellipse 
p=acost+fsint+~¥. 
If, however, we write 
p=u(acost+Psnt+yt), 
we form the equation of the transcendental cone whose vertex is 
at the origin, and on which lies the helix (1). 
In general 


p= ug (t) 

is the cone whose vertex is the origin, and on which les the curve 
p=¢ (t); 

while p=(t)+ ua 


is a cylinder, with generating lines parallel to a, standing on the 
same curve as base. 

Again, p=patgh+ry 
with a condition of the form 

ap” + bg + cr? =1 

belongs to a central surface of the second order, of which a, 8, ¥ 
are the directions of conjugate diameters. If a, b, ¢ be all positive, 
the surface is an ellipsoid. 


32. In Example (/) above we performed an operation equi- 
valent to the differentiation of a vector with reference to a single 
numerical variable of which it was given as an explicit function. 
As this process is of very great use, especially in quaternion investi- 
gations connected with the motion of a particle or point ; and as it 
will afford us an opportunity of making a preliminary step towards 
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overcoming the novel difficulties which arise in quaternion differen- 
tiation ; we will devote a few sections to a more careful, though 
very elementary, exposition of it. 


33. It is a striking circumstance, when we consider the way 
in which Newton’s original methods in the Differential Calculus 
have been decried, to find that Hamilton was obliged to employ 
them, and not the more modern forms, in order to overcome the 
characteristic difficulties of quaternion differentiation. Such a thing 
as a differential coefficient has absolutely no meaning in quaternions, 
except in those special cases in which we are dealing with degraded 
quaternions, such as numbers, Cartesian coordinates, &c. But a 
quaternion expression has always a differential, which is, simply, 
what Newton called a fluwion. 

As with the Laws of Motion, the basis of Dynamics, so with the 
foundations of the Differential Calculus; we are gradually coming 
to the conclusion that Newton’s system is the best after all. 


34, Suppose p to be the vector of a curve in space. Then, 
generally, p may be expressed as the sum of a number of terms, 
each of which is a multiple of a constant vector by a function of some 
one indeterminate ; or, as in § 31 (), if P be a point on the curve, 


OP =p=$(0). 
And, similarly, if Q be any other point on the curve, 
OQ=p,=pt+sp=o(t, = (t+ &), 
where 6t is any number whatever. 
The vector-chord PQ is therefore, rigorously, 
dp=p,— p= (t+ ot) — >t. 
35. It is obvious that, in the present case, because the vectors 


involved in are constant, and their numerical multipliers alone vary, 
the expression ¢ (¢ + 6t) is, by Taylor's Theorem, equivalent to 


(+ OO 55, FEO C0) 


de 1.gte 
Hence, op = aoe bt + Be Pe + be 


And we are thus entitled to write, when d¢ has been made inde- 
finitely small, 


meeOp dp ad (t) ae 
Limit Fale tat aaa f (¢). 
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In such a case as this, then, we are permitted to differentiate, 
or to form the differential coefficient of, a vector, according to the 
ordinary rules of the Differential Calculus. But great addivions! 
insight into the process is gained by applying Newton’s method. 


36. Let OP be 
p= (bt), 


pi = (t+dt), 
where dt is any number whatever. 

The number ¢ may here be taken 
as representing time, i.e. we may 
suppose a point to move along the 
curve in such a way that the value 
of ¢ for the vector of the point P of 
the curve denotes the interval which 
has elapsed (since a fixed epoch) when the moving point has 
reached the extremity of that vector. If, then, dt represent any 
interval, finite or not, we see that 

OQ, =¢ (t+ dt) 
will be the vector of the point after the additional interval dt. 

But this, in general, gives us little or no information as to the 
velocity of the point at P. We shall get a better approximation 
by halving the interval dt, and finding Q,, where 0Q,= ¢ (¢ + }dt), 
as the position of the moving point at that time. Here the vector 
virtually described in 4dt is PQ, To find, on this supposition, 
the vector described in dt, we must double PQ,, and we find, as a 
second approximation to the vector which the moving point would 
have described in time dé, if it had moved for that period in the 
direction and with the velocity it had at P, 

Pq, = 2 PQ, =2(0Q,- OP) 
=2 {p (t+ 4dt) — 6 (d)}. 


and OQ, 


The next approximation gives 
Pq, = 3PQ, = 3 (0Q, - OP) 
=3 {$ (t+ 4d) — 4 (0). 
And so on, each step evidently leading us nearer the sought truth. 
Hence, to find the vector which would have been described in time 
dt had the circumstances of the motion at P remained undisturbed, 
we must find the value of 


p= Fy = Lovee {$ (t+ 2a) 90}, 
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We have seen that in this particular case we may use Taylor’s 
Theorem. We have, therefore, 


dp =Leno |g (t) - Sit +" (t) 9 oe kel 
= $' () dt. 


And, if we choose, we may now write 
= $(t) 


37. But it is to be most particularly remarked that in the 
whole of this investigation no regard whatever has been paid to 
the magnitude of dt. The question which we have now answered 
may be put in the form—A point describes a given curve in a gwen 
manner. At any point of its path its motion suddenly ceases to be 
accelerated. What space will it describe in a definite interval? As 
Hamilton well observes, this is, for a planet or comet, the case 
of a ‘celestial Atwood’s machine.’ 


38. If we suppose the variable, in terms of which p is expressed, 


to be the are, s, of the curve measured from some fixed point, we 
find as before 


dp = ¢'(s) ds. 
From the very nature of the question it is obvious that the length 
of dp must in this case be ds, so that $’(s) is necessarily a unit- 
vector. This remark is of importance, as we shall see later; and 


it may therefore be useful to obtain afresh the above result without 
any reference to time or velocity. 


39. Following strictly the process of Newton’s VIIth Lemma, 
let us describe on Pg, an are similar to PQ,, and so on. Then 
obviously, as the subdivision of ds is carried farther, the new are 
(whose length is always ds) more and more nearly (and without 


limit) coincides with the line which expresses the corresponding 
approximation to dp. 


40. As additional examples let us take some well-known 
plane curves; and first the hyperbola (§ 31 (x) 


Here ap= (2 ee 4 a 
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This shews that the tangent is parallel to the vector 


xfi=te 
t 


In words, ¢f the vector (from the centre) of a point in a hyperbola 
be one diagonal of a parallelogram, two of whose sides coincide with 
the asymptotes, the other diagonal is parallel to the tangent at the 
point, and cuts off a constant area from the space between the 
asymptotes. (For the sides of this triangular area are ¢ times the 
length of a, and 1/¢ times the length of 8, respectively; the angle 
between them being constant.) 

Next, take the cycloid, as in § 31 (h), 

p=a(t+sin t)+f cost. 
We have 
dp = {a(1 + cos t) — 8 sin ¢} dt. 
At the vertex 
t=0, cost=1, sint=0, and dp = 2adt. 
At a cusp 
t=, cost=—1, sint=0, and dp=0. 

This indicates that, at the cusp, the tracing point is (instan- 
taneously) at rest. To find the direction of the tangent, and the 
form of the curve in the vicinity of the cusp, put t= m+ 7, where 
powers of t above the second are omitted. We have 


dp =Ardt + dt, 


so that, at the cusp, the tangent is parallel to 8. By making the 
same substitution in the expression for p, we find that the part of 
the curve near the cusp is a semicubical parabola, 


p=a(mrt+7°/6)—B (1-7/2); 
or, if the origin be shifted to the cusp (p = 7ra — f), 
p=ar’/6 + Br’/2. 
41, Let us reverse the first of these questions, and seek the 


envelop of a line which cuts off from two fixed axes a triangle of 


constant area. 
If the axes be in the directions of a and , the intercepts may 


evidently be written at and E Hence the equation of the line is 


(§ 30) peeies (8a) 
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The condition of envelopment is, obviously, (see Chap. IX.) 


dp =0. 
This gives Ui c —2 (f a a)| dt + (2 oe at) da. 
Hence (1 —«x)dt—tdx=0, 
x dx 
and ere dt + 7 0. 


From these, at once, «=4, since dw and dt are indeterminate. 
Thus the equation of the envelop is 


the hyperbola as before ; a, 8 being portions of its asymptotes. 


42. It may assist the student to a thorough comprehension 
of the above process, if we put it in a slightly different form. 
Thus the equation of the enveloping line may be written 


p=at(l—2) +82, 


which gives dp =0=ad {t(1 —z)}+ Bd (7) ‘ 
Hence, as a is not parallel to 8, we must have 
il eet eee (F)=0; 


and these are, when expanded, the equations we obtained in the 
preceding section. 


43, For farther illustration we give a solution not directly 
employing the differential calculus. The equations of any two of 
the enveloping lines are 


* Here we have opportunity for a remark (very simple indeed, but) of the 
utmost importance. We are not to equate separately to zero the coefficients of dt 
and dx; for we must remember that this equation is of the form 


O=pa+qB, 


where p and gq are numbers ; and that, so long as a and @ are actual and non-parallel 
vectors, the existence of such an equation requires (§ 24) 


p=0 q=0. 
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pats «(E—ay) 


43. ] 


Pp = at, +x, (P—ot,) ’ 


1 


t and ¢, being given, while a and x, are indeterminate. 
At the point of intersection of these lines we have (§ 26), 


t(1—«#)=%,(1—2,), 


Pe 
had. 
These give, by eliminating ~,, 
t(1—a)=4,(1- 4 if 
t 
or we. 
Lbs 
Hence the vector of the point of intersection is 
_ att, +8 
eee ae 


TS ae! 


and thus, for the ultimate intersections, where £4 
2 epee f 
p=tl(at+ as before. 
Cor. If. instead of the wltimate intersections, we consider 
the intersections of pairs of these lines related by some law, we 


obtain useful results. Thus let 


or the intersection lies in the diagonal of the parallelogram on a, f. 


If ¢, =mt, where m is constant, 
mta + 


ia m+1 


But we have also # = teks 
Hence the locus of a point which divides in a given ratio a line 
cutting off a given area from two fixed axes, 1s a hyperbola of which 


these axes are the asymptotes. 
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If we take either 


bie 
tt,(¢ + t,) = constant, or 2 af = constant, 


the locus is a parabola; and so on. 

It will be excellent practice for the student, at this stage, to 
work out in detail a number of similar questions relating to the 
envelop of, or the locus of the intersection of selected pairs from, a 
series of lines drawn according to a given law. And the process 
may easily be extended to planes. Thus, for instance, we may 
form the general equation of planes which cut off constant tetra- 
hedra from the axes of cdordinates. Their envelop is a surface of 
the third degree whose equation may be written 

p=aat+ yB + ay; 
where | nyZ=A, 

Again, find the Jocus of the point of intersection of three of 
this group of planes, such that the first intercepts on 8 and y, the 
second on y and a, the third on a and £8, lengths all equal to one 
another, &c. But we must not loiter with such simple matters as 
these. 


44, The reader who is fond of Anharmonic Ratios and Trans- 
versals will find in the early chapters of Hamilton’s Elements of 
Quaternions an admirable application of the composition of vectors 
to these subjects, The Theory of Geometrical Nets, in a plane, 
and in space, is there very fully developed; and the method is 
shewn to include, as particular cases, the corresponding processes of 
Grassmann’s Ausdehnungslehre and Mobius’ Barycentrische Calcul. 
Some very curious investigations connected with curves and surfaces 


of the second and third degrees are also there founded upon the 
composition of vectors. 


EXAMPLES TO CHAPTER I. 


1. The lines which join, towards the same parts, the extremities 


of two equal and parallel lies are themselves equal and parallel. 
(Huclid, 1. xxxii.) 


2. Find the vector of the middle point of the line which joins 
the middle points of the diagonals of any quadrilateral, plane or 
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gauche, the vectors of the corners being given; and so prove that 
this point is the mean point of the quadrilateral. 

If two opposite sides be divided proportionally, and two new 
quadrilaterals be formed by joining the points of division, the mean 
points of the three quadrilaterals lie in a straight line. 

Shew that the mean point may also be found by bisecting the 


line joining the middle points of a pair of opposite sides. 


3. Verify that the property of the coefficients of three vectors 
whose extremities are in a line (§ 30) is not interfered with by 
altering the origin. 


4, If two triangles ABC, abe, be so situated in space that Aa, 
Bb, Ce meet in a point, the intersections of AB, ab, of BC, bc, and 
of CA, ca, lie in a straight line. 


5. Prove the converse of 4, i. e. if lines be drawn, one in each 
of two planes, from any three points in the straight line in which 
these planes meet, the two triangles thus formed are sections of a 
common pyramid. 


6. If five quadrilaterals be formed by omitting in succession 
each of the sides of any pentagon, the lines bisecting the diagonals 
of these quadrilaterals meet in a point. (H, Fox Talbot.) 


7. Assuming, as in § 7, that the operator 
cos 0+ ,/—I1sin8 
turns any radius of a given circle through an angle @ in the 
positive direction of rotation, without altering its length, deduce 


the ordinary formule for cos (A + B), cos (A — B), sin (A + B), and 
sin (A — B), in terms of sines and cosines of A and B. 


8. If two tangents be drawn to a hyperbola, the line joining 
the centre with their point of intersection bisects the lines join- 
ing the points where the tangents meet the asymptotes: and the 
secant through the points of contact bisects the intercepts on 
the asymptotes. 


9. Any two tangents, limited by the asymptotes, divide each 
other proportionally. 


10. If achord of a hyperbola be one diagonal of a parallelogram 
whose sides are parallel to the asymptotes, the other diagonal passes 
through the centre. 
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11. Given two points A and B, and a plane, CO. Find the 
locus of P, such that if AP cut C in Q, and BP cut C in hk, QR 


may be a given vector. 


12. Shewthat p=a#a+yB+(@+y)¥ 
is the equation of a cone of the second degree, and that its section 
by the plane 
_ pat gB+ry 
pt gar 
is an ellipse which touches, at their middle points, the sides of the 


triangle of whose corners a, 8, y are the vectors. (Hamilton, 
Elements, p. 96.) 


13. The lines which divide, proportionally, the pairs of opposite 
sides of a gauche quadrilateral, are the generating lines of a hyper- 
bolic paraboloid. (Ibid. p. 97.) 


14. Shew that p=xvat+y B+ ay, 
where et+y+z=0, 
represents a cone of the third order, and that its section by the 
plane 
_ patgb+ry 
— p+qtr 
is a cubic curve, of which the lines 


_ pataB &e 
pt+g ” 
are the asymptotes and the three (real) tangents of inflection. Also 
that the mean point of the triangle formed by these lines is a 
conjugate point of the curve. Hence that the vector a+8+y¥ is 
a conjugate ray of the cone. (Zbid. p. 96.) 


CHAPTER II. 
PRODUCTS AND QUOTIENTS OF VECTORS. 


45. WE now come to the consideration of questions in which 
the Calculus of Quaternions differs entirely from any previous 
mathematical method; and here we shall get an idea of what a 
Quaternion is, and whence it derives its name. These questions 
are fundamentally involved in the novel use of the symbols of 
multiplication and division. And the simplest introduction to 
the subject seems to be the consideration of the quotient, or ratio, 
of two vectors. 


46. If the given vectors be parallel to each other, we have 
already seen (§ 22) that either may be expressed as a numerical 
multiple of the other; the multiplier being simply the ratio of 
their lengths, taken positively if they have similar currency, 
negatively if they run opposite ways. 


47. If they be not parallel, let OA and OB be drawn parallel 
and equal to them from any point O; and the question is reduced 
to finding the value of the ratio of two vectors drawn from the 
same point. Let us first find upon how many distinct numbers this 
ratio depends. 

We may suppose OA to be changed into OB by the following 
successive processes. 

1st. Increase or diminish the length of OA till it becomes 
equal to that of OB. For this only one number is required, viz. 
the ratio of the lengths of the two vectors. As Hamilton remarks, 
this is a positive, or rather a signless, number. 


2nd. Turn OA about O, in the common plane of the two 


vectors, until its direction coincides with that of OB, and (remem- 
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bering the effect of the first operation) we see that the two vectors 
now coincide or become identical. To specify this operation three 
numbers are required, viz. two angles (such as node and inclination 
in the case of a planet’s orbit) to fix the plane in which the rotation 
takes place, and one angle for the amount of this rotation. 

Thus it appears that the ratio of two vectors, or the multiplier 
required to change one vecter into another, in general depends upon 
four distinct numbers, whence the name QUATERNION. 

A quaternion g is thus defined as expressing a relation 

B= qe 
between two vectors a, 8. By what precedes, the vectors a, 8, 
which serve for the definition of a given quaternion, must be in a 
given plane, at a given inclination to each other, and with their 
lengths in a given ratio; but it is to be noticed that they may be 
any two such vectors. [Inclination is understood to include sense, 
or currency, of rotation from a to £.] 

The particular case of perpendicularity of the two vectors, where 
their quotient is a vector perpendicular to their plane, is fully 
considered below; §§ 64, 65, 72, &e. 


48. It is obvious that the operations just described may be 
performed, with the same result, in the opposite order, being per- 
fectly independent of each other. Thus it appears that a quaternion, 
considered as the factor or agent which changes one definite vector 
into another, may itself be decomposed into two factors of which 
the order is immaterial. 

The stretching factor, or that which performs the first operation 
in § 47, is called the TENSOR, and is denoted by prefixing 7’ to the 
quaternion considered. 

The turning factor, or that corresponding to the second operation 


in § 47, is called the VeRsor, and is denoted by the letter U pre- 
fixed to the quaternion. 


49. Thus, if OA =a, OB=B, and if q be the quaternion 
which changes a to 8, we have 
B= 92, 


which we may write in the form 


1 


B 
Py te or Ba =p 


if we agree to define that 


eR ee ad 


a 
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Here it is to be particularly noticed that we write g before a to 
signify that a is multiplied by (or operated on by) q, not qg 
multiplied by a. 

This remark is of extreme importance in quaternions, for, as we 
shall soon see, the Commutative Law does not generally apply to 
the factors of a product. 

We have also, by § 47, 48, 


q=Tq.Uq= Uq.T¢, 
where, as before, 7g depends merely on the relative lengths of 
a and B, and Ug depends solely on their directions, 


Thus, if a, and , be vectors of unit length parallel to a and 8 
respectively, 


ps _ 78 /Ta, =1, ete Wei Ue = 0. 
a, a, ; a 


As will soon be shewn, when a is perpendicular to £, i.e. when the 
versor of the quotient is quadrantal, it is a unit-vector. 


50. We must now carefully notice that the quaternion which 
is the quotient when 8 is divided by a in no way depends upon 
the absolute lengths, or directions, of these vectors. Its value 
will remain unchanged if we substitute for them any other pair 
of vectors which 

(1) have their lengths in the same ratio, 
(2) have their common plane the same or parallel, 
and (3) make the same angle with each other. 


Thus in the annexed figure 


0,B, _ OB 
OA, OA 
if, and only if, 
O,B, OB 
GQ) 94,7 0A’ 


(2) plane AOB parallel to plane A,0,B,, 
(3) ZAOB= 2A,0,B.. 

[Equality of angles is understood to include 
concurrency of rotation. Thus in the annexed 
figure the rotation about an axis drawn upwards 
from the plane is negative (or clock-wise) from 
OA to OB, and also from 0,4, to O,B,.] 

T. Q. I. 
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It thus appears that if 
B=q4, 5=9%, 
the vectors a, 8, y, § are parallel to one plane, and may be repre- 
sented (in a highly extended sense) as proportional to one another, 
thus :—— 
fis 2 Cle) Oey 
And it is clear from the previous part of this section that this 
may be written not only in the form 


Qi =O 

but also in either of the following forms :— 
(i C—O oe 
Gi: oy 0 oe 


While these proportions are true as equalities of ratios, they 
do not usually imply equalities of products. 
Thus, as the first of these was equivalent to the equation 


the following three imply separately, (see next section) 


oy = Of 6 a B -1 


= —= ay <= SS 


a 

patie se Fy 
or, if we please, 

aS = yor = Gu, yar = 00 = (marys Ogre 
where 7 is a new quaternion, which has not necessarily anything 
(except its plane), in common with gq. 
But here great caution is requisite, for we are not entitled to 
conclude from these that 
ad = Bry, &e. 


This point will be fully discussed at a later stage. Meanwhile 
we may merely state that from 


ENG ta” 
Cao or Gon 


we are entitled to deduce a number of equivalents such as 
abd =v, or a= yd "8, or B18 = aly, &e. 


51. The Reciprocal of a quaternion gq is defined by the 
equation 


eet ey a ee 
gy q 19 qq 
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Hence if : =, or 
B= 44, 
1 
we must have aesag"t 
ay 
For this gives B B= 92 
and each member of the equation is evidently equal to a. 
Or thus :-— 
B= qa. 
Operate by q™', 
gp =e: 
Operate on 8", 
-1 -1_@ 
=4 See 
Ree 


Or, we may reason thus :—since q changes OA to OB, g™ must 


change OB to OA, and is therefore expressed by 3 (§ 49). 


The tensor of the reciprocal of a quaternion is therefore the 
reciprocal of the tensor; and the versor differs merely by the 
reversal of its representative angle. The versor, it must be 
remembered, gives the. plane and angle of the turning—it has 
nothing to do with the extension. 


[Remark. In §§ 49—51, above, we had such expressions as 


Epa We have also met with a"8. Cayley suggests that this 


also may be written in the ordinary fractional form by employing 
the following distinctive notation :— 


Bap =Al, a= 


(It might, perhaps, be even simpler to use the solidus as 
recommended by Stokes, along with an obviously correlative 
type :—thus, 
=Ba*=B/a, a*B=2a\8.) 

I have found such notations occasionally convenient for private 
work, but I hesitate to introduce changes unless they are abso- 
: Intely required. See remarks on this point towards the end of the 


Preface to the Second Edition—reprinted above.] 
3—2 


36 QUATERNIONS. [ 52 


52. The Conjugate of a quaternion g, written Kq, has the 
same tensor, plane, and angle, only the angle is taken the reverse 
way; or the versor of the conjugate is the reciprocal of the versor 
of the quaternion, or (what comes to the same thing) the versor of 
the reciprocal. 

Thus, if 0A, OB, OA’, lie in one plane, and if 

0A’=O4A, and 2 A’/OB=Z BOA, we have 


OB OB 
“— =g, and —= = conjugate of g= Kq. 
ae Saar : 
By last section we see that 
Kq= (Tq q"- 
Hence GKkg= Kavg= (Clg 


This proposition is obvious, if we recollect that 
the tensors of g and Kgq are equal, and that the 
versors are such that either annuls the effect of the other; while 
the order of their application is indifferent. The joint effect of 
these factors is therefore merely to multiply twice over by the 
common tensor. 


O 


53. It is evident from the results of § 50 that, if « and @ be 
of equal length, they may be treated as of unit-length so far as 
their quaternion quotient is concerned. This quotient is therefore 
a versor (the tensor being unity) and may be represented indif- 
ferently by any one of an infinite number of concurrent arcs of 
given length lying on the circumference of a circle, of which the 
two vectors are radii. This is of considerable importance in the 
proofs which follow. 


Thus the versor a may be represented 


in magnitude, plane, and currency of rota-  z, 
tion (§ 50) by the are AB, which may in 
this extended sense be written AB. 


And, similarly, the versor US, is repre- 


1 
CS 


sented by A,B,; which is equal to (and concurrent with) AB if 
LA OB = Ain 


ie. if the versors are equal, in the quaternion meaning of the 
word. 
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54, By the aid of this process, when a versor is represented as 
an are of a great circle on the unit-sphere, we can easily prove 
that quaternion multiplication is not generally commutative. 


Thus let q be the versor AB or sed ; 


0 og — D 
where QO is the centre of the sphere. Wer] 
Take BC = AB, (which, it must be re- AAW 


membered, makes the points A, B, C, lie E 
in one great circle), then g may also be a 
OC 


represented by 2 


In the same way any other versor r may be’ represented by 
DB or BE and by BE te 
OD OB 
[The line OB in the figure is definite, and is given by the 
intersection of the planes of the two versors. ] 


Now rOD=OB, and qOB=OC. 
Hence qrOD = 00, 


or gr= OD’ and may therefore be represented by the arc DC of 


a great circle. 
But rq is easily seen to be represented by the arc Ak. 


For qOA = OB, and rOB=OE, 
whence rqgOA=OEF, and rq= Beg . 
OA 


Thus the versors rg and qr, though represented by arcs of equal 
length, are not generally in the same plane and are therefore 
unequal: unless the planes of g and r coincide. 

Remark. We see that we have assumed, or defined, in the 
above proof, that g.ra2=qr.a and r.qz=rq.a4 in the special case 
when qa, ra, q. 72, and r. ga are all vectors. 


55. Obviously CB is Kg, BD is Kr, and CD is K (qr). But 
CD = BD. CB, as we sce by applying both to OC. This gives us 
the very important theorem 

K (qr)=Kr.Kq, 
i.e. the conjugate of the product of two versors is the product of their 
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conjugates in inverted order. This will, of course, be extended to 
any number of factors as soon as we have proved the associative 
property of multiplication. (§ 58 below.) 


56. The propositions just proved are, of course, true of quater- 
nions as well as of versors; for the former involve only an additional 
numerical factor which has reference to the length merely, and not 
the direction, of a vector (§ 48), and is therefore commutative with 
all other factors. 


57. Seeing thus that the commutative law does not in general 
hold in the multiplication of quaternions, Jet us enquire whether 
the Associative Law holds generally. That is if p, g, 7 be three 
quaternions, have we 

p.qr=pq.r? 
This is, of course, obviously true if p, q, 7 be numerical quantities, 
or even any of the imaginaries of algebra. But it cannot be con- 
sidered as a truism for symbols which do not in general give 


thoes 
We have assumed it, in definition, for the special case when 7, 
qr, and pqr are all vectors. (§ 54.) But we are not entitled to 
assume any more than is absolutely required to make our 
definitions complete. 


58. In the first place we remark that p, g, and r may be 
considered as versors only, and therefore represented by arcs of 
great circles on the unit sphere, for their tensors may obviously 
(§ 48) be divided out from both sides, being commutative with the 
versors. 

Let AB=p, ED=CA=g, and FE =r. 

Join BC and produce the great circle till it meets HF in H, and 
make KH = FE = r, and HG = CB =pq (§ 54). 


ee eS 


Join GK. Then KG@=HG.KH=pq.r. 


% ; 
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Join FD and produce it to meet AB in M. Make 
IM=FD, and MN =AB, 
and jon WZ. Then LV=MN. [M =p. qr. 
Hence to shew that p-qr=pq-r 


all that is requisite is to prove that LN, and KG, described as 
above, are equal ares of the same great circle, since, by the figure, 
they have evidently similar currency. This is perhaps most easily 
effected by the help of the fundamental properties of the curves 
known as Spherical Conics. As they are not usually familiar to 
students, we make a slight digression for the purpose of proving 
these fundamental properties ; after Chasles, by whom and Magnus 
they were discovered. An independent proof of the associative 
principle will presently be indicated, and in Chapter VIII. we shall 
employ quaternions to give an independent proof of the theorems 
now to be established. 


59.* Der. A spherical conic is the curve of intersection of a 
cone of the second degree with a sphere, the vertex of the cone being 
the centre of the sphere. 

Lemma. If a cone have one series of circular sections, it has 
another series, and any two circles belonging to different series lie 
onasphere. This is easily proved as follows. 

Describe a sphere, A, cutting the cone in one circular section, 
C, and in any other point whatever, and let the side OpP of the 
cone meet A in p, P; P being a point in C. Then PO. Op is 
constant, and, therefore, since P lies in a plane, p lies on a sphere, 
a, passing through O. Hence the locus, ¢, of p is a circle, being 
the intersection of the two spheres A and a. 

Let OgQ be any other side of the cone, g and Q being points in 
c, O respectively. Then the quadrilateral gQPp is inscribed in a 
circle (that in which its plane cuts the sphere A) and the exterior 
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angle at p is equal to the interior angle at Q. If OL, OM be the 
lines in which the plane POQ cuts the cyclic planes (planes through 
O parallel to the two series of circular sections) they are obviously 
parallel to pq, QP, respectively ; and therefore 


Z LOp=Z Opqg = Z OQP = Z MOQ. 

Let any third side, OrR, of the cone be drawn, and-let the 
plane OPR cut the cyclic planes in Ol, Om respectively. Then, 
evidently, 

ZLOL= Z gpr, 
ZMOm= ZQPR, 


and these angles are independent of the position of the points p 
and P, if Q and & be fixed points. 


In the annexed section of the above space-diagram by a sphere 
whose centre is O, lL, Mm are the great circles which represent 
the cyclic planes, PQR is the spherical conic which represents the 
cone. The point P represents the line OpP, and so with the 
others. The propositions above may now be stated thus, 


Arc PL =are MQ; 


and, if Q and # be fixed, Mm and JZ are constant ares whatever be 
the position of P. 


60. The application to § 58 is now obvious. In the figure of 
that article we have 


FE=KH, ED=CA, HG=COB, Lit = FD. 
Hence L, C, G, D are points of a spherical conic whose cyclic 
planes are those of AB, FE. Hence also KG passes through JL, 
and with LM intercepts on AB an are equal to AB. That is, it 
passes through WV, or KG and LN are ares of the same great circle: 


and they are equal, for G and Z are points im the spherical 
conic, 
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Also, the associative principle holds for any number of 

quaternion factors. For, obviously, 
gr .st=qrs.t=&e.,, &e., 

since we may consider gr as a single quaternion, and the above 
proof applies directly. 

61. That quaternion addition, and therefore also subtraction, 
is commutative, it is easy to shew. 

For if the planes of two quaternions, 


q and 7r, intersect in the line OA, we C B 
may take any vector OA in that line, 
and at once find two others, OB and A 
OC, such that 
OB=q0A, 0 
and CO=r0A. 
And (q+r) OA =OB+ 00 = 00+ OB=(r+q) OA, 


since vector addition is commutative (§ 27). 
Here it is obvious that (¢+r) OA, being the diagonal of the 


parallelogram on OB, OC, divides the angle between OB and OC 
in a ratio depending solely on the ratio of the lengths of these 
lines, i.e. on the ratio of the tensors of gand r. This will be useful 
to us in the proof of the distributive law, to which we proceed. 


62. Quaternion multiplication, and therefore division, is 
distributive. One simple proof of this depends on the possibility, 
shortly to be proved, of representing any quaternion as a linear 
function of three given rectangular unit-vectors. And when the 
proposition is thus established, the associative principle may readily 
be deduced from it. 

[But Hamilton seems not to have noticed that we may employ 
for its proof the properties of Spherical Conics already employed 
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in demonstrating the truth of the associative principle. For 
continuity we give an outline of the proof by this process. 
Let BA, CA represent the versors of g and 1, and be the great 


circle whose plane is that of p. 
Then, if we take as operand the vector OA, it is obvious that 


U (q+r) will be represented by some such arc as DA where 
B, D, C are in one great circle; for (¢+7) OA is in the same plane 
as gOA and rOA, and the relative magnitude of the arcs BD and 
DC depends solely on the tensors of g and 7. Produce BA, DA, 
CA to meet be in b, d, c respectively, and make 
Hb=BA, Fd=DA, Gc=CA. 

Also make 6B =dS=cy =p. Then EL, F, G, A lie on a spherical 
conic of which BC and be are the cyclic ares. And, because 
62 aioe cy, BE, SF, yG, when produced, meet in a point H 
which is also on the spherical conic (§ 59*). Let these arcs meet 
BC in J, L, K respectively. Then we have 

LH = F3 =p Uq+n), 

Kii= Gy =GNere 


Also eS DB, 
and ah = OD. 


And, on comparing the portions of the figure bounded respectively 
by HKJ and by ACB we see that (when considered with reference 


to their effects as factors multiplying OH and OA respectively) 
pU(q¢+7r) bears the same relation to pUq and pUr 

that U(q +r) bears to Uq and Ur. 

But T(qt+r) U0 (qt+r)=q+tr=Tq Uq+ Tr Ur. 

Hence T(qtr).puU (q+r)=Tq.pUq+Tr.pUr; 


or, since the tensors are mere numbers and commutative with all 
other factors, 


P(q+r)= py t+ pr. 
In a similar manner it may be proved that 
(q+r)p=qp+rp. 
And then it follows at once that 
(p+q) (7 +8) =pr + ps + gr + qs, 
where, by § 61, the order of the partial products is immaterial.] 


. 
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63. By similar processes to those of § 53 we see that versors, 
and therefore also quaternions, are subject to the index-law 


q”.g° =r", 
~ at least so long as m and n are positive integers. 

The extension of this property to negative and fractional 
exponents must be deferred until we have defined a negative or 
fractional power of a quaternion. 


64. We now proceed to the special case of guadrantal versors, 
from whose properties it is easy to deduce all the foregoing 
results of this chapter. It was, in fact, these properties whose 
invention by Hamilton in 1843 led almost intuitively to the 
establishment of the Quaternion Calculus. We shall content 
ourselves at present with an assumption, which will be shewn 
to lead to consistent results; but at the end of the chapter we 
shall shew that no other assumption is possible, following for this 
purpose a very curious quasi-metaphysical speculation of Hamilton, 


65. Suppose we have a system of three mutually perpendicular 
unit-vectors, drawn from one point, which we may call for shortness 
i,j,k. Suppose also that these are so situated that a positive 
(i.e. left-handed) rotation through a right angle about i as an axis 
brings j to coincide with k. Then it is obvious that positive 
quadrantal rotation about j will make k coincide with i; and, about 
k, will make i coincide with j. 

For definiteness we may suppose i to be drawn eastwards, j 
northwards, and k upwards. Then it is obvious that a positive 
(left-handed) rotation about the eastward line (i) brings the north- 
ward line (j) into a vertically upward position (kK); and so of the 
others. 


66. Now the operator which turns j into k is a quadrantal 
versor (§ 53); and, as its axis is the vector i, we may call it 2. 


Thus ; BT ASO) a. Vs bean vie yea Ge wee (1) 
Similarly we may put == tg HE a anne eee (2), 
and 5 ee OU Ves Ml perience. oi vsdes. x seme (3). 


[It may be here noticed, merely to shew the symmetry of the 
system we are explaining, that if the three mutually perpendicular 
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vectors i, j, k be made to revolve about a line equally inclined to 
all, so that i is brought to coincide with j, j will then coincide 
with k, and k with i: and the above equations will still hold good, 
only (1) will become (2), (2) will become (3), and (3) will become 


(1).] 
67. By the results of § 50 we see that 
=] ees 


kei 
i.e. a southward unit-vector bears the same ratio to an upward 
unit-vector that the latter does to a northward one; and therefore 
we have 


aI =i, Ore A ei eee sss 

wr REE | . He 
Similarly Sar ® Ol isl AG ne 4:05) 5 
and 7 =% én Lae eae ee. 


68. By (4) and (1) we have 
— j =k = (ij) (by the assumption in § 54) = cj. 


Hence Uf wala] vee Paget dca Sed beg aee ee ee (7). 
And in the same way, (5) and (2) give 
Of | vteae vce pe Sole ee ee ee eee (8), 
and (6) and (8) Ise md ones cual as ee a (9). 


Thus, as the directions of i, j, k are perfectly arbitrary, we see 
that the square of every quadrantal versor is negative unity. 

[Though the following proof is in principle exactly the same as 
the foregoing, it may perhaps be of use to the student, in shewing 
him precisely the nature as well as the simplicity of the step we 
have taken. 

Let ABA’ be a semicircle, whose centre 


n B 
is O, and let OB be perpendicular to A0.A’. 
Then Us SU 1 drantal 
=—— , = suppose, 
wa q supp is a quadranta 
. . VA? A! —a O _ ot A 
versor, and is evidently equal to ——; 
OB 
§§ 50, 53. 
Hence c= USA ead, =-1.] 


) OB 04+ 0A 
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69. Having thus found that the squares of 7, 7, k are each 
equal to negative unity; it only remains that we find the values of 
their products two and two. For, as we shall see, the result is such 
as to shew that the value of any other combination whatever of 
@, j, k (as factors of a product) may be deduced from the values of 
these squares and products. 


Now it is obvious that 
k Lae 
=—Pek.!; 
(i.e. the versor which turns a westward unit-vector into an upward 


one will turn the upward into an eastward unit) ; 
or | a ET | a ee ee (10). 
Now let us operate on the two equal vectors in (10) by the 
same versor, 7, and we have 
ik =70 (—ji) =— wi. 
But by (4) and (3) 


tk =—j=—ki. 
Comparing these equations, we have 
—vyi=—ki; 
or, by § 54 (end), = | 
and symmetry gives ~ if at ee ere Soren oh ake) 
ka =). 


The meaning of these important equations is very simple ; and 
is, in fact, obvious from our construction in § 54 for the multiplica- 
tion of versors; as we see by the annexed figure, where we must 
remember that 7, 7, & are quadrantal versors whose planes are at 
right angles, so that the figure represents 
a hemisphere divided into quadrantal 
triangles, [The arrow-heads indicate the 
direction of each vector arc. | 

Thus, to shew that 7j=k, we have, 
O being the centre of the sphere, N, £, 
S, W the north, east, south, and west, 
and Z the zenith (as in § 65) ; 

jOW = OZ, 
whence tjOW=i0Z=O0S=kOW. . 
* The negative sign, being a mere numerical factor, is evidently commutative 
with j; indeed we may, if necessary, easily assure ourselves of the fact that to turn 


the negative (or reverse) of a vector through a right (or indeed any) angle, is the 
same thing as to turn the vector through that angle and then reverse it. 
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70. But, by the same figure, 


10.N = OZ, 
whence ON =j0Z =O0OE =—-OW=—KON. 
71. From this it appears that 
p=— ks) 
and similarly ej St, sake v3 Siete eee (12) 
tk = —J, 
and thus, by comparing (11), 
y=—p=k, 
jk=—hj=%,| (11), (12). 
ki = — tk =), 


These equations, along with 


G7 ae = eee ae) 
contain essentially the whole of Quaternions. But it is easy to see 
that, for the first group, we may substitute the single equation 


since from it, by the help of the values of the squares of 7, 7, k, all 
the other expressions may be deduced. We may consider it proved 
in this way, or deduce it afresh from the figure above, thus 


kON= OW, 
jhON= jOW=OZ, 
ykON= yOW =10Z = OS=— ON. 
72. One most important step remains to be made, to wit the 
assumption referred to in § 64. We have treated ¢, j, k simply as 
quadrantal versors; and i, j, K as unit-vectors at right angles to 


each other, and coinciding with the axes of rotation of these versors. 
But if we collate and compare the equations just proved we have 


tt PE NAN RR SA cic Dis hes (§ 9) 
fe = i cig'yn orden sagt eras oe eT (11) 
(j= ok eee kh eon eee (1) 
ete de ee os (12) 
Soe we ee ee (5) 


with the other similar groups symmetrically derived from them. 
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Now the meanings we have assigned to 7, j. & are qu. double 
pendent of, and not inconsistent with, those assigned to i, , 
And it is superfluous to use two sets of characters when one 

suffice. Hence it appears that 7, j, & may be substituted for i, j, k , 
in other words, a wnit-vector when employed as a factor may be con- 
sidered as a quadrantal versor whose plane is perpendicular to the 
vector. (Of course it follows that every vector can be treated as the 
product of a number and a quadrantal versor.) This is one of the 
main elements of the singular simplicity of the quaternion calculus. 


73. Thus the product, and therefore the quotient, of two perpen- 
dicular vectors is a third vector perpendicular to both. 

Hence the reciprocal (§ 51) of a vector is a vector which has 
the opposite direction to that of the vector, and its length is the 
reciprocal of the length of the vector. 

The conjugate (§ 52) of a vector is simply the vector reversed. 

Hence, by § 52, if a be a vector 

(Ta) =aKa=a(—a) =— a’. 


74. We may now see that every versor may be represented by 

a power of a unit-vector. 
For, if a be any vector perpendicular to 7 (which is any definite 

-unit-vector), ; 
ia, = 8, is a vector equal in length to a, but perpendicular to 

both 7 and a; 


ta=—4a, 
fa=—ia=—B8, 
Hja=—iB=—Va=4. 


Thus, by successive applications of 7, a is turned round 7 as an axis 
through successive right angles. Hence it is natural to define 2” as 
a versor which turns any vector perpendicular to ¢ through m right 
angles in the positive direction of rotation about t as an aais. Here 
m may have any real value whatever, whole or fractional, for it is 
easily seen that analogy leads us to interpret a negative value of m 
as corresponding to rotation in the negative direction. 


75. From this again it follows that any quaternion may be 
expressed as a power of a vector. For the tensor and versor 
elements of the vector may be so chosen that, when raised to the 
same power, the one may be the tensor and the other the versor 
of the given quaternion. The vector must be, of course, perpen- 
dicular to the plane of the quaternion. 
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70. PAnd we now see, as an immediate result of the last two 
cons, that the index-law holds with regard to powers of a 
: aternion (§ 63). 
wh 


77. So far as we have yet considered it, a quaternion has been 
regarded as the product of a tensor and a versor: we are now to 
consider it as a sum. The easiest method of so analysing it seems 
to be the following. 


Let aa represent any quaternion. Draw 5 
BC perpendicular to OA, produced if neces- 
sary. 

Then, $19, OB =OC+ CB. 0 


But, § 22, OC =a0A4, 


where # is a number, whose sign is the same 


as that of the cosine of Z AOB. D 
Also, § 73, since CB is perpendicular to 04, 
cE =on 


where y is a vector perpendicular to OA and CB, i.e. to the plane 
of the quaternion; and, as the figure is drawn, directed towards the 
reader. 


OB_«0A+0A _ 
OA OA 


Thus a quaternion, in general, may be decomposed into the sum 
of two parts, one numerical, the other a vector. Hamilton calls 
them the SCALAR, and the VECTOR, and denotes them respectively 
by the letters S and V prefixed to the expression for the 
quaternion. 


Hence 


“u+y. 


78. Hence g=Sq+ Vq, and if in the above example 


OB 
on vp 
then OB=0C0+CB=Sq. OA + Vq.0A*. 
The equation above gives 
00 = Sq. OA, 
CB=Vq. 0A. 


* The points are inserted to shew that S and V apply only to q, and not to qOA. 
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79. If, in the last figure, we produce BC to D, so as to double 
its length, and join OD, we have, by § 52, 


a = Kq=Skq+VKq; 
so that OD=00+ CD=SKq.0A+VKq.0A. 
Hence OC =SKq.0A, 
and CD=VKq.0A. 


Comparing this value of OC with that in last section, we find 
PLT. col aS ea ery erred ee oT tae (1) 

or the scalar of the conjugate of u quaternion is equal to the scalar of 

the quaternion. 

Again, CD =— CB by the figure, and the substitution of their 
values gives 

ES: ee renee (2) 
or the vector of the conjugate of a quaternion is the vector of the 
quaternion reversed. 

We may remark that the results of this section are simple con- 
sequences of the fact that the symbols S, V, K are commutative*. 
Thus SKq = KSq=Sq, 
since the conjugate of a number is the number itself; and 

VKkqg=KVq=— Vq & 73). 

Again, it is obvious that, 

2h¢eeng, 2 Vd=) 24, 
and thence 2Kq= K rq. 


80. Since any vector whatever may be represented by 
ai + yj + zk 
where 2, y, 2 are numbers (or Scalars), and 7, 7, 4 may be any three 


non-coplanar vectors, §§ 23, 25—though they are usually under- 
stood as representing a rectangular system of unit-vectors—and 


* It is curious to compare the properties of these quaternion symbols with those 
of the Blective Symbols of Logic, as given.in Boorn’s wonderful treatise on the — 
Laws of Thought; and to think that the sate grand science of mathematical 
analysis, by processes remarkably similar to each other, reveals to us truths in the 
science of position far beyond the powers of the geometer, and truths of deductive 
reasoning to which unaided thought could never have led the logician. 


T. Q. I. 4 
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since any scalar may be denoted by w; we may write, for any 
quaternion q, the expression 
g=w+aityj +zk § 78). 
Here we have the essential dependence on four distinct numbers, 
from which the quaternion derives its name, exhibited in the most 


simple form. 
And now we see at once that an equation such as 


/ 
EE 
where g=wt+ai+y9+2k, 
involves, of course, the four equations tg 


W=aW, ae OY =a ae 


81. We proceed to indicate another mode of proof of the dis- 
tributive law of multiplication. 


We have already defined, or assumed (§ 61), that 


Pe Ua 
a a a 
or Bat +ya'=(B+y) a", 


and have thus been able to understand what is meant by adding 
two quaternions. 
But, writing a for a’, we see that this involves the equality 
(B+y) a= Ba+ ya; 
from which, by taking the conjugates of both sides, we derive 
a’ (B' +9’) a a’ B’ te ary’ (§ 5D): 
And a combination of these results (putting 8+ for « in the 
latter, for instance) gives 


(B+y) (8 +y7)=(B+y) i +(B+y)¥ 
= BB’ +yP' + By’ + yy’ by the former. 


Hence the distributive principle is true in the multiplication of 
vectors. 


It only remains to shew that it is true as to the scalar and 


vector parts of a quaternion, and then we shall easily attain the 
general proof, 


Now, if a be any scalar, a any vector, and q any quaternion, 
(a+ a) ¢ = ag + ag. 


For, if @ be the vector in which the plane of ¢ is intersected by 
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.a plane perpendicular to a, we can find other two vectors, y and 6, 
one in each of these planes such that 


Bo wens 5: 


And, of course, a may be written a : so that 


(a+a)q= FB aby 
eRe 1B oy 8 
Bock ee 8 83S 
= aq + aq. 


And the conjugate may be written 
q (a +a’)=q'a'+q'a' (§ 55). 
Hence, generally, 
(a+4) (b+ 8)=ab+aP +ba+ af; 
or, breaking up a and 6 each into the sum of two scalars, and 4, 8 
each into the sum of two vectors, 
(a, +a,+4,+4,) (b,+b,+8,+8,) 
= (a, +a,) (b, + b,) + (a, + a,) (B, + B,) + (6, + b,) (4, + %) 
. + (4, +4,) (8, +8) 
(by what precedes, all the factors on the right are distributive, so 
that we may easily put it in the form) 
= (a, + 4,) (b, + B,) + (a, + %) (6, + B,) + (ay + %) (0, + By) 
+ (a, + %) (6, + B,). 
Putting a@,+4,=p, a,+4,=q% 6+8,=7, 56,+8,=8, 
we have (p+q) (r+s)=prt+ps+qr+t qs. 


82. Cayley suggests that the laws of quaternion multiplication 
may be derived more directly from those of vector multiplication, 
supposed to be already established. Thus, let « be the unit vector 
perpendicular to the vector parts of q and of q’. Then let 

P=Hq.% T=—o.9q; 
as is evidently permissible, and we have 
pt=q.aa=—Y; a=—44.q =q, 
so that —q.q =p%.10 =—p.o. 
The student may easily extend this process. 
For variety, we shall now for a time forsake the geometrical 


mode of proof we have hitherto adopted, and deduce some of our 
4—2 
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next steps from the analytical expression for a quaternion given in. 
§ 80, and the properties of a rectangular system of unit-vectors as 
bale agpke 

We will commence by proving the result of § 77 anew. 

83. Let a=a2i+y)+2k, 

Ba=xeityjt+Zk. 

Then, because by § 71 every product or quotient of 7,7, # is reducible 
to one of them or to a number, we are entitled to assume 


g=2 aot bitnjit th 


where w, £, 7, €are numbers. This is the proposition of § 80. 
[Of course, with this expression for a quateruion, there is no 
necessity for a formal proof of such equations as 


pt(q+r)=(pt Qtr 
where the various sums are to be interpreted as in § 61. 
All such things become obvious in view of the properties of 


Ley le 

84. But it may be interesting to find o, & 7, € in terms of 
Gs U2, oY pe 

We have (Speer, 
or wt + Yj +k =(w@+ E+) + Sk) (at + yj) + 2k) 
=— (f+ ny + &) + (wa +nz—Cy)it+(wyt Se—&z)j+(w2z4+ Ey—na)k, 
as we easily see by the expressions for the powers and products of 
t,j, k, given in §71. But the student must pay particular attention 


to the order of the factors, else he is certain to make mistakes. 
This (§ 80) resolves itself into the four equations 


= Ex + ny + &z, 
w=on +nz—Cy, 
y = wy — Ez + fa, 
2 =z t+ Ey— ne. 
The three last equations give 
Ze + yy +22 =o (a+ y? +2’), 
which determines o. 
Also we have, from the same three, by the help of the first, 
Ex’ + ny’ + F2'=0; 
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which, combined with the first, gives 
oy are 


yz —zy ea’ — we’ Bt xy’ — yx’ 


> 
and the common value of these three fractions is then easily seen 
to be 
1 
e+yte’ 

It is easy enough to interpret these expressions by means of 
ordinary cdordinate geometry: but a much simpler process will 
be furnished by quaternions themselves in the next chapter, and, in 
giving it, we shall refer back to this section. 


85. The associative law of multiplication is now to be proved 
by means of the distributive (§ 81). We leave the proof to the 
student. He has merely to multiply together the factors 

w+eitytzk, w+eityjtevkh, and w'4+a + y"j+2"h, 
as follows :— 

First, multiply the third factor by the second, and then multiply 
the product by the first; next, multiply the second factor by the 
first and employ the product to multiply the third: always re- 
membering that the multiplier in any product is placed before the 
multiplicand. He will find the scalar parts and the coefficients of 
2, j,k, in these products, respectively equal, each to each. 


86. With the same expressions for a, 8, as in section 83, we 
have : 
aB=(xityjtzk) (eit yj+Zk) 
=— (xa + yy +22) + (yz —2y')i + (2a’ — x2’) + (ay — yw’) k. 
But we have also 
Ba =— (axa! + yy’ + 22’) —(y2' —2y') i — (2a! — w2') j — (ay' — yo') kh. 
The only difference is in the sign of the vector parts. 


Hence Silek sol: PPO Ah Lt Cee (1) 
RS VG, Hayek usin nen eve veces (2) 

also GB BG DEAS crow irainceoneroes cares (3) 
OB Be = DV GB, a intarinavecsere ceree (4) 

and, finally, by § 79, CURL SC Pr Cee (5). 


87. Ifa=B8 we have of course (§ 25) 


L=aH, y=y, e=2, 
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and the formulae of last section become 
a8=Ba=a=—(a#*+y'+2'); 
which was anticipated in § 73, where we proved the formula 
(Ta) =— a’, 
and also, to a certain extent, in § 25. 


88. Now let g and 7 be any quaternions, then 
S.gr=S8.(Sq+ Vq) (Sr+ Vr), 
=S,(Sq Sr+S8r.Vq+ Sq. Vr+ VqVr), 
=SqSr+8.VqVr, 
since the two middle terms are vectors. 
Similarly, S.rq=SrSq+8.VrVq. 
Hence, since by (1) of § 86 we have 
So VGVr=S.VaVe, 
we see that S20G= S200 ass ee eee 


a formula of considerable importance. 


It may easily be extended to any number of quaternions, 


because, 7 being arbitrary, we may put for it rs. Thus we have 


S.qrs=8 .rsq, 
=8.sqr 


by a second application of the process. In words, we have the 
theorem—the scalar of the product of any number of given 


quaterntons depends only upon the cyclical order in which they are 


arranged, 


89, An important case is that of three factors, each a vector. 


The formula then becomes 
S.aBy=S8 .Bya=S8. ya8. 
But = S. aby =Sa (SBy + VBy) 
= SaV By, since aS®y is a vector, 
=—SaVyB, by (2) of § 86, 
= — Sa (Sy8 + VB) 
=—S, ay. 


Hence the scalar of the product of three vectors changes sign when 


the cyclical order is altered. 


90. | PRODUCTS AND QUOTIENTS OF VECTORS. 5D 


By the results of §§ 55, 73, 79 we sce that, for any number 
of vectors, we have 
K.aBy...dx=+x...yBa 
(the positive sign belonging to the product of an even number of 
vectors) so that 


S.aB...dy=+4 S.yod... Ba. 
Similarly 


V.a8...d6x=FV.x¢d... Ba. 
Thus we may generalize (3) and (4) of § 86 into 
28.aB...dy=a8...dy+x¢... Ba, 
2V .a8...dx=a48... dx F xb... Ba, 
the upper sign still being used when the number of factors is 
even. 

Other curious propositions connected with this will be given 
later (some, indeed, will be found in the Examples appended to 
this chapter), as we wish to develop the really fundamental 
formulae in as compact a form as possible. 


90. By (4) of § 86, 
. 2VBy = By — 9B. 
Hence 2V .aVBy=WV .a(by—-Y8) 
(by multiplying both by a, and taking the vector parts of each 
side) 
= V (aBy + Bay — Bay — ayf) 
(by introducing the null term Bay — Bay). 
That is 
2V.aVBy=V.(48 + Ba)y— V (BSay+ BVay+ Say. B+ Vay. B) 
=V. (2Sa8) y—2V6Say 
(if we notice that V(Vay.8)=—V.8Vay, _ by (2) of § 86). 
Hence V . aV By = ySaB — BSyG....02.:eceseevees (1); 
a formula of constant occurrence, 
Adding aSy to both sides, we get another most valuable 
formula 


V . aBy = aSBy — BSya+ ySaB ..... eee (2); 
and the form of this shews that we may interchange y and 4 
without altering the right-hand member. This gives 


V.aBy=V.¥B8a, 
a formula which may be greatly extended. (See § 89, above.) 
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Another simple mode of establishing (2) is as follows :— 


K . aBy=— 84, 
2V.aBy=aBy — K. aby (by § 79 (2)) 
= aBy + yBa 


=a (By + YB) — (ay +72) B+ (a8 + Ba) 
= 2aSPy — 20 Say + 2ySaB8. 


91. We have also 
VVaBVyi=— VVySVa8_ by (2) of § 86: 
= 6SyVaB —ySEVaB=6S.aBy—yS.a86 
=— BSaVyd4+ aSBVyS =— BS. ayd+aS. Ryd, 
all of these being arrived at by the help of § 90 (1) and of § 89; 
and by treating alternately Va8 and Vyé as simple vectors. 
Equating two of these values, we have 
dS. aby =aS. Byd+ BS. yad+ yS.aBo......... (38), 


a very useful formula, expressing any vector whatever in terms 
of three given vectors. [This, of course, presupposes that a, 8, 
are not coplanar, § 23. In fact, if they be coplanar, the factor 
S. ay vanishes, and thus (3) does not give an expression for 6. 
This will be shewn in § 101 below.] 


92. That such an expression as (3) is possible we knew already 
by § 23. For variety we may seek another expression of a similar 
character, by a process which differs entirely from that employed 
in last section. 


a, 2, y being any three non-coplanar vectors, we may derive 
from them three others Va8, VBy, Vya; and, as these will not be 
coplanar, any other vector 6 may be expressed as the sum of the 
three, each. multiplied by some scalar. It is required to find this 
expression for 6. 


Let 6=aVaB+yVBy+z2V ya. 
Then Syd =a8. yaB=aS . aBy, 
the terms in y and z going out, because 

ry VBy = S.yBy = SBry’? =9’SB = 0, 

for 7’ is (§ 73) a number. 

Similarly SBS= 28. Bya=2zS. aBry, 
and Sad=yS . «By. 
Thus 6S. aBy = VaBSy6 + VBySad + VyaSB8......... (4), 


—os ye 
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93. We conclude the chapter by shewing (as promised in § 64) 
that the assumption that the product of two parallel vectors is 
a number, and the product of two perpendicular vectors a third 
vector perpendicular to both, is not only useful and convenient, 
but absolutely inevitable, if our system is to deal indifferently with 
all directions in space. We abridge Hamilton’s reasoning. 

Suppose that there is no direction in space pre-eminent, and 
that the product of two vectors is something which has quantity, 
so as to vary in amount if the factors are changed, and to have its 
sign changed if that of one of them is reversed; if the vectors be 
parallel, their product cannot be, in whole or in part, a vector 
inclined to them, for there is nothing to determine the direction in 
which it must lie. It cannot be a vector parallel to them ; for by 
changing the signs of both factors the product is unchanged, 
whereas, as the whole system has been reversed, the product 
vector ought to have been reversed. Hence it must be a number. 
Again, the product of two perpendicular vectors cannot be wholly 
or partly a number, because on inverting one of them the sign of 
that number ought to change; but inverting one of them is simply 
equivalent to a rotation through two right angles about the other, 
and (from the symmetry of space) ought to leave the number 
unchanged. Hence the product of two perpendicular vectors must 
be a vector, and a simple extension of the same reasoning shews 
that it must be perpendicular to each of the factors. It is easy to 
carry this farther, but enough has been said to shew the character 


of the reasoning. 


EXAMPLES TO CHAPTER II. 


1. It is obvious from the properties of polar triangles that any 
inode of representing versors by the sides of a spherical triangle 
must have an equivalent statement in which they are represented 
by angles in the polar triangle. | 

Shew directly that the product of two versors represented 
by two angles of a spherical triangle is a third versor represented 
by the supplement of the remaining angle of the triangle ; and 
determine the rule which connects the directions in which these 


angles are to be measured. 
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2. Hence derive another proof that we have not generally 
PE —4aP- 

3. Hence shew that the proof of the associative principle, 
§57, may be made to depend upon the fact that if from any point 
of the sphere tangent ares be drawn to a spherical conic, and also 
ares to the foci, the inclination of either tangent arc to one of the 
focal arcs is equal to that of the other tangent arc to the other 
focal are. 


4. Prove the formulae 
28. aBy = aby — ya, 
2V .aBy =aBy + Ba. 
5. Shew that, whatever odd number of vectors be represented 
by a, B, y, &c., we have always 
V .aByde=V . edy8a, 
V . aBydeEn = V. nFedyBa, &c. 
6. Shew that 
S. Va8VByVya=—(S. aBy/’, 
V. VaBVByVya = VaB (y’Sa8 — SBySya)+...... : 
and V (VaBV . VByVya) = (BSay — aSBy) S. aBry. 


7. If a,8,¥ be any vectors at right angles to each other, shew 
that 


(a+ B+ 9°) 8S. aBy = at V By + BV ya + 9° VaB. 
(Cee: +p ae yo") S. apy a ae” VBy +B’ Vya de y" VaB. 

8. Ifa, 8, y be non-coplanar vectors, find the relations among 
the six scalars, x, y, z and & 7, € which are implied in the 
equation wa + yB +2y=EVBy + nVyat 6Vap. 

9. If a, B, y be any three non-coplanar vectors, express any 
fourth vector, 6, as a linear function of each of the following sets of 
three derived vectors, 

Voy yaP, VE - apy, V3 By, 
and V.Va8VByVya, V.VByVyaVa8, V.VyaVaBV By. 
10. Eliminate p from the equations 
Sap=a, SBp=b, Syp=c, Sdp=d, 
where «, 8, y, 6 are vectors, and a, b, c, d scalars. 
11. In any quadrilateral, plane or gauche, the sum of the 


squares of the diagonals is double the sum of the squares of the 
lines joining the middle points of opposite sides. 


— EE 


CHAPTER III. 


INTERPRETATIONS AND TRANSFORMATIONS OF 
QUATERNION EXPRESSIONS. 


94, AMONG the most useful characteristics of the Calculus of 
Quaternions, the ease of interpreting its formulae geometrically, 
and the extraordinary variety of transformations of which the 
simplest expressions are susceptible, deserve a prominent place. 
We devote this Chapter to some of the more simple of these, 
together with a few of somewhat more complex character but of 
constant occurrence in geometrical and physical investigations. 
Others will appear in every succeeding Chapter. It is here, 
perhaps, that the student is likely to feel most strongly the 
peculiar difficulties of the new Calculus. But on that very account 
he should endeavour to master them, for the variety of forms 
which any one formula may assume, though puzzling to the 
beginner, is of the utmost advantage to the advanced student, not 
alone as aiding him in the solution of complex questions, but 
as affording an invaluable mental discipline. 


95. If we refer again to the figure of §77 we see that 
OC = OB cos AOB, 
CB=OBsin AOB. 


Hence, if 0A =a, OB=8,and Z AOB=8@, we have 


Cha Te. OA =Ta, 
OC = TB cos @, CB=T sin @. 
BOC) Tp 
Hence S ee Ts cos 0. 


Similarly ry Sieg mare 
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Hence, if 7 be a unit-vector perpendicular to « and 8, and such 
that positive rotation about it, through the angle @, turns @ 
towards £, or 


Bi Fg ee mar, 
UOA OA a 
we have V2 = = sin @.7. (See, again, § 84.) 


96. In the same way, or by putting 
a8 = SaB+ VaP, 
SBa— Va, 


= ¢(s£ v2), 


te. (-s2 478), 


a 


we may shew that 
Sa8 = — Ta TB cos 8, 
TVas—— a7 ss sme, 
and VaB= TaTBsind.7 


where n= UVaB =U (— VBa) = ine 


Thus the scalar of the product of two vectors is the continued 
product of their tensors and of the cosine of the supplement of the 
contained angle. 

The tensor of the vector of the product of two vectors is the con- 
tinued product of their tensors and the sine of the contained angle ; 
and the versor of the same is a unit-vector perpendicular to both, 
and such that the rotation about it from the first vector (i. e. the 
multiplier) to the second is left-handed or positive. 

Hence also TVaB is double the area of the triangle two of whose 


sides are a, PB. 
97. (a) In any plane triangle ABC we have 
AC = AB+ BC. 
Hence A@=S.AC AC=S.AC(AB+ BO). 


With the usual notation for a plane triangle the interpretation 
of this formula is 


— b’=— becos A —ab cos C, 


or b= acosC+ccosA. 
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(b) Again we have, obviously, 


V.AB AC =V. AB(AB+ BO) 


=V.AB BO, 
oF cb sin A =ca sin B, 
whence sin A sin B_ sin 0 
a b Cc 


These are truths, but not truisms, as we might have been led 
to fancy from the excessive simplicity of the process employed. 


98. From § 96 it follows that, if a and 8 be both actual (i.e. 
real and non-evanescent) vectors, the equation 
SaB =0 
shews that cos 6=0, or that a is perpendicular to 8. And, in fact, 


we know already that the product of two perpendicular vectors is 
a vector. 


Again. if VaB = 0, 
we must have sin 9=0, or a is parallel to 8. We know already 
that the product of two parallel vectors is a scalar, 


Hence we see that” 


SaB = 0 
is equivalent to a= Vy, 
where y is an undetermined vector; and that 
VaB=0 
is equivalent to t= af; 


where x is an undetermined scalar, 


99. If we write, as in & 83, 84, 
a=ie +yy +kz, 
B=ta' +jy' +k, 
we have, at once, by § 86, 
SaB=— xx — yy’ — 22 


where ra=Jet+yt+e, raJa?ty? +2. 


a es , , a , : a ae a’ 
Also VaB=rr’ fe a ae j +o5 = e8 k ; 


TT } 
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These express in Cartesian céordinates the propositions we have 
just proved. In commencing the subject it may perhaps assist 
the student to see these more familiar forms for the quaternion 
expressions; and he will doubtless be induced by their appearance 
to prosecute the subject, since he cannot fail even at this stage to 
see how much more simple the quaternion expressions are than 
those to which he has been accustomed. 


100. The expression S.aBy 
may be written SV (4B) y, 
becanse the quaternion a@y may be broken up into 

S (4B) y+ V (48) ¥ 

of which the first term is a vector. 

But, by § 96, 

SV (a8) y= Ta TB sin 6 Sny. 
Here 7'n = 1, let @ be the angle between » and y, then finally 
S.aBy=— Ta TB Ty sin 6 cos ¢. 


But as » is perpendicular to « and £, Ty cos ¢ is the length of the 
perpendicular from the extremity of y upon the plane of a, 8. And 
as the product of the other three factors is (§ 96) the area of the 
parallelogram two of whose sides are a, 8, we see that the mag- 
nitude of S.a@y, independent of its sign, is the volume of the 
parallelepiped of which three coordinate edges are a, B, y; or six 
times the volume of the pyramid which has a, 8, y for edges. 


101. Hence the equation 


S.aBy=0, 
if we suppose a, B, y to be actual vectors, shews either that 
sin 0=0, 
or cos 6 = 0, 


i.e. two of the three vectors are parallel, or all three are parallel to 
one plane. 


This is consistent with previous results, for if y = pP we have 
S.aBy= pS. a8?=0; 
and, if y be coplanar with a, 8, we have y =p2+qB, and 
S.aBy=S.aB (pa+ qB)=0. 
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102. This property of the expression S.aBy prepares us to 
find that it is a determinant. And, in fact, if we take a, 8 as in 
§ 83, and in addition y= ta" + jy" + ke", 
we have at once 

S. ay = — a” (yz! — zy’) — y” (2a’ — x2’) — 2” (wy’ — ya’), 


=—|2 ¥ z 
/ , / 
1 ¥ Zz 
te yl” zi! 


The determinant changes sign if we make any two rows change 
places. This is the proposition we met with before (§ 89) in the 
form S.aBy=—S. Bay=S. Bya, &. 
If we take three new vectors 
a,=10 + 0 + ke", 
B,=tytgy +ky", 
y, =e + je + ke", 
we thus see that they are coplanar if a, 8, y are so. That is, if 
S.aBy=0, 
then S.aByy,=0. 
103. We have, by S 52, 
(Tq) = qKq = (Sq + Vq) (Sq— Va) § 79), 
= (Sq) —(Vq)’ by algebra, 
= (Sq) + (LV)? § 73). 
, If g=a8, we have Aq = 84, and the formula becomes 
a8. Ba=a°B’ = (Sas) —(Vab)’. 
In Cartesian coordinates this is 
(@+yt+2) (a? +y%4+ 2”) 
= (aa! + yy! + 22’) + (yz! — ay + (2a' — we) + (ay! — ya’. 
More generally we have 
(T(qr)y = (Lg) (Fr)* 
= (8. gr)'—(V gry 
If we write q=wta=wtimtyy + kz, 
raw + Baw +ia +5y + kz; 
this becomes 
(w+ ty’ +2) (wr +07+y7 +2") 
=(ww'’ — wa! — yy’ — 22) + (wa! + w'e + ye — zy’) 
+ (wy +w'y + 20' — x2) + (we! +w'e + ay’ — ye’), 
a formula of algebra due to Kuler. 


2 
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104. We have, of course, by multiplication, 

(a+ PY=e+aB8+ Bat BP’ =a +2548 + B’ § 86 (3)). 
Translating into the usual notation of plane trigonometry, this 
becomes ce =a’? — 2ab cos C+ 0’, 
the common formula. 

Again, V.(a+8)(a—f)=— VaB+ VBa=—2Va8 (§ 86 (2)). 
Taking tensors of both sides we have the theorem, the paral- 


lelogram whose sides are parallel and equal to the diagonals of a 
given parallelogram, has double its area (§ 96). 


Also S (a+) (a- B)=@—f%, 
and vanishes only when a’= $6”, or Ta = 7; that is, the diagonals 
of a parallelogram are at right angles to one another, when, and 
only when, rt 1s a rhombus. 


Later it will be shewn that this contains a proof that the angle 
in a semicircle is a right angle. 


105. The expression p=aBa" 
obviously denotes a vector whose tensor is equal to that of 8. 
But we have Se bap 0) 
so that p is in the plane of a, £. 
Also we have Sap = SaB, 
so that @ and p make equal angles with «, evidently on opposite 


sides of it. Thus if a be the perpendicular to a reflecting surface 


and 8 the path of an incident ray, —p will be the path of the 
reflected ray. 


Another mode of obtaining these results is to expand the above 
expression, thus, § 90 (2), 


p=2a'SaB—B 
= 2a"SaB — a" (SaB + Vag) 
=a" (Sa8 — Vas), 
so that in the figure of §77 we see that if OA =a, and OB= B, we 
have OD=p = aGa", 
Or, again, we may get the result at once by transforming the 


equation to = Kas p) = Ke 2 


106. | INTERPRETATIONS AND TRANSFORMATIONS. 65 


106. For any three coplanar vectors the expression 


p= apy 

is (§ 101) a vector. It is interesting to determine what this vector 
is. The reader will easily see that if a circle be described about 
the triangle, two of whose sides are (in order) @ and 8, and if from 
the extremity of a line parallel to y be drawn, again cutting the 
circle, the vector joining the point of intersection with the origin 
of a is the direction of the vector a8y. For we may write it in the 
form 


p= ARB "y= — (TB)'aB y= — (LB) ay. 
which shews that the versor (3) which turns 8 into a direction 


parallel to a, turns y into a direction parallel to p. And this ex- 
presses the long-known property of opposite angles of a quadri- 
lateral inscribed in a circle. 


Hence if a, 8, y be the sides of a triangle taken in order, the 
tangents to the circumscribing circle at the angles of the triangle 
are parallel respectively to 


aBy, Bya, and yap. 
Suppose two of these to be parallel, i. e. let 
aBy = wBrya = way (§ 90), 
since the expression is a vector. Hence 
By = 2B, 
which requires either 
=A Vg h=—O sor of ll 2. 
a case not contemplated in the problem ; 
or z=—l, SBy = 0, 


i.e. the triangle is right-angled. And geometry shews us at once 
that this is correct. 


Again, if the triangle be isosceles, the tangent at the vertex is 
parallel to the base. Here we have 
xB = aBy, 
or a(a+y)=a(a+y) 9; 
whence a= y? =’, or Ty = Ta, as required. 
As an elegant extension of this proposition the reader may 


iN, hs Te 5 
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prove that the vector of the continued product aBy6 of the vector- 
sides of any quadrilateral inscribed in a sphere is parallel to the 
radius drawn to the corner (a, 8). [For, if ¢ be the vector from 6, 
a to B, y, Be and ey6 are (by what precedes) vectors touching the 
sphere at a, 8. And their product (whose vector part must be 
parallel to the radius at a, 6) is 


aBe.eyo=e. aPy6d.| 


107. To exemplify the variety of possible transformations 
even of simple expressions, we will take cases which are of 
frequent occurrence in applications to geometry. 

Thus . T(p +4) = 1 (p —a), 

[which expresses that if 
OA=a, OA'=-a, and OP =p, 


we have A Pies ALP. 
and thus that P is any point equidistant from two fixed points,] 
may be written (p +4)"=(p—a)’, 
or p + 2Sap + a’ = p*— 2Sap +a” (§ 104), 
whence Sap =0. 
This may be changed to 
ap+ pa=0, 
or — ap+ Kap =0, 
sve =o, 
a 
or finally, TVUE=1 
a ? 
all of which express properties of a plane. 
Again, Tet la 
may be written pee 
a > 


(raj 

(p + 4)’ — 28a (p +a) =0, 
p=(p+a)'a(p +a), 
S (p +4) (p—a) =0, 

or finally, T.(p +4) (p—a)=27Vap. 


All of these express properties of a sphere, They will be 
interpreted when we come to geometrical applications, 
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108. To find the space relation among five potnts. 


A system of five points, so far as its internal relations are 
concerned, is fully given by the vectors from one to the other four. 
If three of these be called a, B, y, the fourth, 8, is necessarily 
expressible as wa + y8+ zy. Hence the relation required must be 
independent of «, y, z. 


But SadS=aa? +4 ySaB + zSay 
S85 =aSBa+yB? +28By| (1). 
Syd = aSya + ySyB + 27° | 
S88 = & = aSda + ySdB + 28dy 
The elimination of a, y, z gives a determinant of the fourth order, 
which may be written 


ey SaB Say Sad |=0. 
| SBa SBB SBy SBS 
| Sya SyB Syy Syd 
| Sda SSB Sdy S888 


Now each term may be put in either of two forms, thus 


A 
SBy = 4 {8 +7’ —(8 —¥)"} =— TBTy cos By. 


If the former be taken we have the expression connecting the 
distances, two and two, of five points in the form given by Muir 
(Proc. R. S. FE. 1889); if we use the latter, the tensors divide out 
(some in rows, some in columns), and we have the relation among 
the cosines of the sides and diagonals of a spherical quadrilateral. 


We may easily shew (as an exercise in quaternion manipulation 
merely) that this is the only condition, by shewing that from it 
we can get the condition when any other of the points is taken as 
origin. Thus, let the origin be at a, the vectors are — 4, 8 —4, 
y—a,5—a. But, by changing the signs of the first row, and first 
column, of the determinant above, and then adding their values 
term by term to the other rows and columns, it becomes 


S( —a)(—2) S( —a)(@—-a) S( —2)(y—2) S( —a) (6-4) 
S(B—a)(—a) S(B—a)(B—2) S(B—4)(y-a) S(B-4) (8-4) 
S(y—2)(—a) S(y—a)(8—2) S(y—a)(y—-2) S(y—4)(6—-4) 
S(8—a)(—a) S(8-a)(B—4) S(S—4)(y—2) S(6—a) (6-4) 
which, when equated to zero, gives the same relation as before. 


[See Ex. 10 at the end of this Chapter.] 
5—2 
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An additional point, with e=a'a +B + 2’y, gives six additional 
equations like (1); i.e. 
Sae=a'o +7'Sa8 +2’ Say, 
SBe=a'SBa+y'B’ +2’ SBy, 
Sye = a/Sya + y'SyB +2'y’, 
Sde = a'Sda + y/SO8 + 2’ Sdy 
=aSea +ySe8 + 2Sey, 
e=a'Sxe + y'SBe +2’Srye, 
from which corresponding conclusions may be drawn. 
Another mode of solving the problem at the head of this 
section is to write the zdentity 
Sm (a— OP = Ime —28.d=ma+t =m, 
where the ms are undetermined scalars, and the as are given 
vectors, while @ is any vector whatever. 
Now, provided that the number of given vectors exceeds four, we 
do not completely determine the ms by imposing the conditions 
=m=0, Lmna=0. 
Thus we may write the above identity, for each of five vectors 
successively, as 
=m (a—a,) = 2mea’, 
=m (a—4,)* = ma’, 
Xm (a—4a,)? = Sma’. 
Take, with these, =m =0, 
and we have six linear equations from which to eliminate the ms. 
The resulting determinant is 


—a? a,—a2 1,” 2 Sma? = 0. 
a, a, a, a, a, 1G, eiaye a, =e af Se! 
2 2 2 2 
Go OF SIO On On Ode 1 
2 2 ie Vi 
a,— a,” a,—a, Se a7-2a81 
1 if AO ome 1 0 


This is equivalent to the form in which Cayley gave the 
relation among the mutual distances of five points. (Camb. Math. 
Journ. 1841.) 


ee 


Es 
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109. We have seen in § 95 that a quaternion may be divided 
into its scalar and vector parts as follows :— 


Pag2 4 VE = 7B (cos @ + esin 8); 


where @ is the angle between the directions of a and 8, and e= U yh 
a 


is the unit-vector perpendicular to the plane of a and £ so situated 
that positive (i. e. left-handed) rotation about it turns a towards ~. 
Similarly we have (§ 96) 
a8 = SaB+ Vag 
= TaTB (— cos 6 + € sin 8), 


@ and ¢ having the same signification as before. 


110. Hence, considering the versor parts alone, we have 


UE = cos 0+ esin & 


Similarly U 3 =cos f+esin d; 


¢ being the positive angle between the directions of y and §, and e 
the same vector as before, if a, 8, y be coplanar. 


Also we have 
U X= cos (4+ $) + esin (0 + 4). 


But we have always 


and therefore U 3" ue = ot; 


or cos(p+6) + esin ($+) = (cos f + € sin f) (cos @ + esin 0) 
=cos ¢ cos 6 —sin ¢ sin 8 + € (sin ¢ cos @ + cos $ sin 4), 
from which we have at once the fundamental formulae for the 


cosine and sine of the sum of two arcs, by equating separately the 
scalar and vector parts of these quaternions. 


And we see, as an immediate consequence of the expressions 
above, that 


m 


cos m0 + sin m0 = (cos 0 + € sin 8)”. 


if m be a positive whole number. For the left-hand side is a versor 
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which turns through the angle m@ at once, while the right-hand 
side is a versor which effects the same object by m successive turn- 
ings each through an angle @. See § 8, 9. 


111. To extend this proposition to fractional indices we have 
ge : : : 
only to write — for 6, when we obtain the results as in ordinary 
n 
trigonometry. 


From De Moivre’s Theorem, thus proved, we may of course 
deduce the rest of Analytical Trigonometry. And as we have 
already deduced, as interpretations of self-evident quaternion trans- 
formations (§§ 97, 104), the fundamental formulae for the solution 
of plane triangles, we will now pass to the consideration of spherical 
trigonometry, a subject specially adapted for treatment by qua- 
ternions; but to which we cannot afford more than a very few 
sections. (More on this subject will be found in Chap. XI. in con- 
nexion with the Kinematics of rotation.) The reader is referred to 
Hamilton’s works for the treatment of this subject by quaternion 
exponentials. 


112. Let a, 8, y be unit-vectors drawn from the centre to the 
corners A, B, C of a triangle on the unit-sphere. Then it is evident 
that, with the usual notation, we have (§ 96), 


SaB8 =—cosc, SPy =— cos a, Sya = —cos b, 
fVasg= sine, IVSy= sna, LVye=) sind, 


Also UVaB, UVBy, UVya are evidently the vectors of the corners 
of the polar triangle. 


Hence S.UVaBUV By =cos B, &c., 
TV. UVa8UV By =sin B, &e. 
Now (§ 90 (1)) we have 
SVaBVBy=S8.aV (BVBy) 
= — SaBSPry + B’Say. 


Remembering that we have 
SVaBVBy = TVaBTVByS . UVaBUV By, 
we see that the formula just written is equivalent to 
sin a sin ¢ cos B = — cosacose + cos b, 


or cosb=cosacosc+sinasine cos B. 
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113. Again, V. VaBVBy =— BSapy, 
which gives 
LV. VaBVBy=TS .aBy = TS .aVBy=TS.BVya= TS .yVa8, 
or sinasincsin B=sin asin p, =sin b sin p, =sinc sin p,; 


where p, is the are drawn from A perpendicular to BO, &c. 


Hence sin p, =sin ¢ sin B, 
a sin a sin ¢ sin B 
sin Y, =——~ sin 
Po sin b : 


sin p,=sin a sin B. 


114, Combining the results of the last two sections, we have 
Va8.VSy=sin a sine cos B—B sina sinc sin B 
=sin a sin c (cos B—8 sin B). 
Hence U. VaBVBy =(cos B—B8 sin a 
and U.Vy8VB2=(cos B+ 8 sin B)) 


These are therefore versors which turn all vectors perpendicular to 
OB negatively or positively about OB through the angle B. 


[It will be shewn later (§ 119) that, in the combination 
(coosB+8sin B)(  )(cosB—f sin B), 


the system operated on is made to rotate, as if rigid, round the 
vector axis 8 through an angle 2B.] 


As another instance, we have 


eT VabV By 
eye Vag VBy 
ays V.VaBV By 

S.Va8VBy 
as 8. aBy vp l 
=—- Say + SaBSBy Ga retiate misgeinecore nisi ¢ ( ) 
The interpretation of each of these forms gives a ditterent theorem 
in spherical trigonometry. 


115. Again, let us square the equal quantities 


V.aBy and aSBy—BSay+ySa8, 
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supposing a, 8, y to be any unit-vectors whatever. We have 
—(V.aByyP = SBy + Syat SaB + 2PBySyaSap. 
But the left-hand member may be written as 
T’ . aBy —S°. aBy, 
whence 
1—S*? .aBy=S'By + S’yat S’aB + 2SBySyaSapg, 
or 1 — cos’a — cos’b — cos’c + 2 cos a cos b cos ¢ 
=sin’a sin’p, = &e. 
=sin’a sin’) sin’C = &e., 


all of which are well-known formulae. 


116. Again, for any quaternion, 
q=8q+ Va, 
so that, if n be a positive integer, 


nN. pad 


gq" = (Sq)" + Sq)" Vat —— *(S9)"* (Vay + 


From this at once 


S.g*=(Sq)"-" ea. 5 (Say IV 
m.-n—-1l.n-2.n-—8 : 
1 oes (Sq)"* T* (Vq) — 
7 ny en—-1l.n—2 ee a 
V.g'= Va | n (9 =a ooee (Sq) Vy + &e.| 


If ¢ be a versor we have 


qg=cos ut+ @ sin u, 


so that 
n n 5 n— 1 cy } ! 
S. gq" = (cos u)" — — (cos w)"? (sin w)? + 
= COS NU; 
‘. ee 1 Wot alin eee 
V.g’=9sinu E (cos w)"? — Sc 23 “(cos w)"* (sin w)? + | 


=@ sin nu; 
as we might at once have concluded from § 110. 


Such results may be multiplied indefinitely by any one who has 
mastered the elements of quaternions. 
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117. A curious proposition, due to Hamilton, gives us a 
quaternion expression for the spherical eacess in any triangle. 
The following proof, which is very nearly the same as one of his, 
though by no means the simplest that can be given, is chosen here 
because it incidentally gives a good deal of other information. 
We leave the quaternion proof as an exercise. 


Let the unit-vectors drawn from the centre of the sphere to 
A, B, C, respectively, be a, 8, y. It is required to express, as an 
arc and as an angle on the sphere, the quaternion 


Bary. 


The figure represents an orthographic projection made on a 
plane perpendicular to y. Hence C is the centre of the circle DEe. 
Let the great circle through A, B meet DHe in LH, e, and let DE be 
a quadrant. Thus DE represents y (§ 72). Also make EF = AB 
=a", Then, evidently, 

DF= Bary, 
which gives the arcual representation required. 

Let DF cut Kein G. Make Ca= ZG, and join D, a, and a, F. 
Obviously, as D is the pole of He, Da is a quadrant; and since 
EG=Ca, Ga= EC, a quadrant also. Hence a is the pole of DG, 
and therefore the quaternion may be represented by the angle 
Dat. 

Make Cb = Ca, and draw the ares Pa8, Pba from P, the pole of 
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AB. Comparing the triangles “ba and eaf, we see that Ha =e. 
But, since P is the pole of AB, Ba is a right angle: and therefore 
as Fa is a quadrant, so is #8. Thus AB is the complement of Ka 
or Be, and therefore 


CO = 2 Ab. 


Join bA and produce it to ¢ so that Ac=bA; join c, P, cutting 
ABino. Also join c, B, and B, a. 


Since P is the pole of AB, the angles at o are right angles; 
and therefore, by the equal triangles bad, coA, we have 


aA = Ao. 
But aB=2A B, 
whence oB = BB, 


and therefore the triangles coB and Ba are equal, and c, B, a lie 
on the same great circle. 


Produce cA and cB to meet in H (on the opposite side of the 
sphere). H and c are diametrically opposite, and therefore cP, 
produced, passes through H. 


Now Pa=Pb=PH, for they differ from quadrants by the 
equal arcs a8, ba, oc. Hence these arcs divide the triangle Hab 
into three isosceles triangles, 


But ZPHb+ APHo=ZoHo = bea. 
Also ZPab=c7 — Zcab—Z Pal, 
ZPbha=2 Pab=r7 —Zcba—ZzPbdH. 
Adding, 22 Pab = 27 — Z cab — Z cha — Z bea 


= — (spherical excess of abc). 
But, as Z FaB and Z Dae are right angles, we have 


angle of Ba"y=2Z FaD = Z Bae = Z Pab 


=5 — ¥ (spherical excess of abc). 
[Numerous singular geometrical theorems, easily proved ab 
mmitio by quaternions, follow from this: eg. The are AB, which 
bisects two sides of a spherical triangle abc, intersects the base at 
the distance of a quadrant from its middle point. All spherical 
triangles, with a common side, and having their other sides 
bisected by the same great circle (ie. having their vertices in a 


——E 
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small circle parallel to this great circle) have equal areas, &e. 


&e. | 


118. Let Oa=a’, Ob=8’, Oc=y, and we have 
(5) (2) (4) = Ga. cd. Be 
= 6a. BA 
= EG. FE= FG. 
But FG is the complement of DF. Hence the angle of the 


quaternion 
( e) Bt iA 
B (C (2 


ts half the spherical excess of the triangle whose angular points are 
at the extremities of the wnit-vectors a’, 8’, x’. 


[In seeking a purely quaternion proof of the preceding proposi- 
tions, the student may commence by shewing that for any three 
unit-vectors we have 


The angle of the first of these quaternions can be easily assigned ; 
and the equation shews how to find that of Bay. 


Another easy method is to commence afresh by forming from 
the vectors of the corners of a spherical triangle three new vectors 


thus :— 
2 
a = (4 .a, &e. 


Then the angle between the planes of a, £’ and 9, a; or of 8, ¥ 
and a’, 8; or of y, a’ and f’, 7; is obviously the spherical excess. 

But a still simpler method of proof is easily derived from the 
composition of rotations. ] 


119. It may be well to introduce here, though it belongs 
rather to Kinematics than to Geometry, the interpretation of the 


operator oA 
q( gy 


By a rotation, about the axis of q, through double the angle of g, 
the quaternion r becomes the quaternion qrq’. Its tensor and 
angle remain unchanged, its plane or axis alone varies. 
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A glance at the figure is sufficient for 


ong 

the proof, if we note that of course 
T.qrq'=Tr, and therefore that we need 
consider the versor parts only. Let Q 
be the pole of ¢, cone 

AG Aap n=1 BITNE ns r 2g= 

AB =, ade i “es . _ 

Join C’A, and make AC=C’A. Join ng” ra? 
CB. C 


Then CBis qrq', its arc CB is evidently equal in length to that 
of r, B'O’; and its plane (making the same angle with B’B that 
that of B’O’ does) has evidently been made to revolve about Q, the 
pole of g, through double the angle of ¢. 


It is obvious, from the nature of the above proof, that this 
operation is distributive ; i.e. that 


q(r+s)q' = qrq' + 4sq°: 


If r be a vector, = p, then gpq” (which is also a vector) is the 
result of a rotation through double the angle of gq about the axis 
of g. Hence, as Hamilton has expressed it, if B represent a rigid 
system, or assemblage of vectors, 


ra 


qBq 
is its new position after rotating through double the angle of q 
about the axis of g. 
120. To compound such rotations, we have 
T. (BG fi=fG.B Arges 
To cause rotation through an angle t-fold the double of the angle 
of q we write ¢ Bow 
To reverse the direction of this rotation write g“Bq. 


To translate the body B without rotation, each point of it moving 
through the vector a, we write a + B. 


To produce rotation of the translated body about the same ax1s, 
and through the same angle, as before, 


q(a+B) q*. 
Had we rotated first, and then translated, we should have had 
a+qBq". 
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From the point of view of those who do not believe in the 
Moon’s rotation, the former of these expressions ought to be 


gag’ +B 
instead of 
gag + qBq". 


But to such men quaternions are unintelligible. 


121. The operator above explained finds, of course, some 
of its most direct applications in the ordinary questions of 
Astronomy, connected with the apparent diurnal rotation of the 
stars. If X be a unit-vector parallel to the polar axis, and h the 
hour angle from the meridian, the operator is 


(cos 5 — » sin 5) ( ) (cos + sin 5), 
or Has eat EE 
the inverse going first, because the apparent rotation is negative 
(clockwise). 
If the upward line be 7, and the southward 7, we have 
rX=zsinl — 7 cos, 
where J is the latitude of the observer. The meridian equatorial 
unit vector is 
w=tcosl+jsinl; 
and 2, #, & of course form a rectangular unit system. 
The meridian unit-vector of a heavenly body is 
d=z7cos (l—d) + j sin (/ — d), 
=)sind + wcosd, 
where d is its declination. 
Hence when its hour-angle is h, its vector is 
WITS 
The vertical plane containing it intersects the horizon in 
tVis’ = 9S)5 + kSKO, 
so that ' , 
tan (azimuth) = 8 etree cet (Ly 
[This may also be obtained directly from the last formula (1) 
of § 114.] 
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To find its Amplitude, i.e, its azimuth at rising or setting, 
the hour-angle must be obtained from the condition 
Ae nD arr een e qaeio.ade nin doce: (2). 
These relations, with others immediately deducible from them, 
enable us (at once and for ever) to dispense with the hideous 
formulae of Spherical Trigonometry. 


122. To shew how readily they can be applied, let us 
translate the expressions above into the ordinary notation. This 
is effected at once by means of the expressions for A, w, L, and 
§ above, which give by inspection 

& =rsind+ (woos h —ksinh) cos d, 
and we have from (1) and (2) of last section respectively 
sin h cos d 
cos /sind—sin/ cos d cosh 
COS pet anh tal =O) eet meet (2). 
In Capt. Weur’s ingenious Azimuth Diagram, these equations 


are represented graphically by the rectangular coordinates of a 
system of confocal conics :—viz. 


tan (azimuth) = 


«=sinhsecl 
y = cos h tan i} 
The ellipses of this system depend upon / alone, the hyperbolas 
upon h. Since (1) can, by means of (8), be written as 
x 
tand —y’ 
we see that the azimuth can be constructed at once by joining 


with the point 0, — tan d, the intersection of the proper ellipse and 
hyperbola. 


tan (azimuth) = 


Equation (2) puts these expressions for the cdordinates in the 
form 


The elimination of d gives the ellipse as before, but that of 1 
gives, instead of the hyperbolas, the circles 
a + y* — y (tan d — cot d) =1. 
The radius is 
2 (tan d + cot d) ; 
and the coordinates of the centre are 


0, $ (tan d — cot d). 
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123. A scalar equation in p, the vector of an undetermined 
point, is generally the equation of a surface; since we may use 
in it the expression p = xa, 
where w is an unknown scalar, and a any assumed unit-vector. 
The result is an equation to determine a Thus one or more 
points are found on the vector wa, whose cdordinates satisfy the 
equation; and the locus is a surface whose degree is determined 
by that of the equation which gives the values of a. 


But a vector equation in p, as we have seen, generally leads to 
three scalar equations, from which the three rectangular or other 
components of the sought vector are to be derived. Such a vector 
equation, then, usually belongs to a definite number of points in 
space. But in cértain cases these may form a line, and even a 
surface, the vector equation losing as it were one or two of the 
three scalar equations to which it is usually equivalent. 


Thus while the equation ao=B 
gives at once p=a'B, 


which is the vector of a definite point (since by making p a vector 
we have evidently assumed 


SaB =0); 
the closely allied equation Vap=~6 
is easily seen to involve SaB =0, 
and to be satisfied by p=a’'B+ 42a, 


whatever be « Hence the vector of any point whatever in the 
line drawn parallel to a from the extremity of @'f satisfies the 
given equation. [The difference between the results depends 
upon the fact that Sap is indeterminate in the second form, but 
definite (= 0) in the first.] 


124, Again, Vap .VpB =(Vapy’ 
is equivalent to but two scalar equations. For it shews that Vap 
and Vp are parallel, i.e. p lies in the same plane as a and £, and 
can therefore be written (§ 24) 


p= «a+ yf, 
where w and y are scalars as yet undetermined. 
We have now Vap = yVaf, 


VpB=aVaB, 
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which, by the given equation, lead to 


1 
sy=1, or are 


1 
or finally p=2a+ mo ; 


which (§ 40) is the equation of a hyperbola whose asymptotes are 
in the directions of a and B. 


125. Again, the equation 

V VaBVap = 0, 
though apparently equivalent to three scalar equations, is really 
equivalent to one only. In fact we see by § 91 that it may be 
written 

—aS.a8p=0, 
whence, if a be not zero, we have 

S.a8p=0, 

and thus (§ 101) the only condition is that p is coplanar with a, B. 
Hence the equation represents the plane in which a and lie. 


126. Some very curious results are obtained when we extend 
these processes of interpretation to functions of a quaternion 
Tia Uap 
instead of functions of a mere vector p. 


A scalar equation containing such a quaternion, along with 
quaternion constants, gives, as in last section, the equation of a 
surface, if we assign a definite value to w. Hence for successive 
values of w, we have successive surfaces belonging to a system ; 
and thus when w is indeterminate the equation represents not a 
surface, as before, but a volume, in the sense that the vector of any 
point within that volume satisfies the equation. 


Thus the equation (io) =a. 
or w— p= a’, 
or (Tp)? =a? —w’, 
represents, for any assigned value of w, not greater than a, a sphere 


whose radius is /a’—w*, Hence the equation is satisfied by the 


vector of any point whatever in the volume of a sphere of radius a, 
whose centre is origin, 
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Again, by the same kind of investigation, 
(2 (q—8))*=e@, 
where q¢ = w +p, is easily seen to represent the volume of a sphere 
of radius a described about the extremity of 8 as centre. 


Also S(q°)=—a* is the equation of infinite space less the space 
contained in a sphere of radius a about the origin. 


Similar consequences as to the interpretation of vector equa- 
tions in quaternions may be readily deduced by the reader. 
127. The following transformation is enuntiated without proof 
by Hamilton (Lectures, p. 587, and Elements, p. 299). 
ot (@?)?q? = U (rq + KrKq). 


To prove it, let oh (r°q?)" gq’ =t, 
then ae 1; 
and therefore Atak 
But ; ( rg?)? =viq, 
or rg =rtqrtq, 
or rq = tqrt. 
Hence ee Khykr=t Krk gt"; 
or Krkq=tkqkrt. 
Thus we have U(rqtKrKq)=tU (qr + Kqkr)t, 
or, if we put s=U(qr + KqKkr), 
Ks= +t tst. 
Hence shs=(71s) = 1 = + sist, 
which, if we take the positive sign, requires 
s=t1, 
or t=+s'=+ UKs, 


which is the required transformation. 

[It is to be noticed that there are other results which might 
have been arrived at by using the negative sign above ; some 
involving an arbitrary unit-vector, others involving the imaginary 
of ordinary algebra. ] 


128. As a final example, we take a transformation of Hamil- 
ton’s, of great importance in the theory of surfaces of the second 


order. 
_ Transform the expression 
(Sap) + (SBp) + (Sy) 


T, Q. I. 6 
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in which a, 8, y are any three mutually rectangular vectors, into 
the form 
(= (ip + on 
ee ee 
which involves only two vector-constants, 4, x. 
[The student should remark here that ¢, «, two undetermined 
vectors, involve six disposable constants :—and that a, 8, y, being 
a rectangular system, involve also only six constants. ] 


{Z'(ip + px)\’= (ep + px) (put xp) (S§ 52, 55) 
= (i+ 12) p* + (upep + prpt) 
=( +x") p> +28. wpKp 
= (1— x) p + 4SipSkp. 
u Peer ae ee eee 
ence (Sap)’ + (S8p)" + (Syp)’ = (ee eP dase =a 
But a? (Sap)'+ 7 (SBp)'+y% (Syp)'=p? (G25, o 
Multiply by 6’ and subtract, we get 
ise Ree ee pe lee SipS« 
(1-5) (apy — (G1) Gyn) = [lem tn — Bt a CPE, 
The left side breaks up into two real factors if 8” be intermediate 
in value to a’ and y*: and that the right side may do so the term 
in p’ must vanish. This condition gives 


2 ( ao kK). ‘ 5 
B= <.—az; and the identity becomes 


Cee 
sea] (0-2) +n/ Ea] osfea/ 0-8) -ra/ Ga) 
= 4 eae 


Hence we must have 


J serleal 0S BM 
dete (-8)-n4/ E-9)} 


where p is an undetermined scalar. 


To determine p, substitute in the expression for 8’, and we find 


aoa Gan: (e-Z)@- -B) + (p+ VB) 


=(p" te a) Go ry) — 2 (a+ ry) + 46% 
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Thus the transformation sueceeds if 


P +P Se 
; : 1 oe 
which gives p+5=+2,/a——, 
2 
p-==t 2s / aX. 
a ee ee 


Again, p=,  -= 


and therefore 
Ta+Try Bw y= A 
2 <= — = . To ) 
t Ta Ty ( a et fp 2 Uy), 
Ta—Try / B’-—a y—B 

mga 2. ee ye rn 7 

K Ta Ty \ ae Ba J as Uy), 
Thus we have proved the possibility of the transformation, and 
determined the transforming vectors 4, «. 


129. By differentiating the equation 
2 2_ (2 (p+ px)’ 
(Sap) + (Sp) + (Sp) = (—CP*L) 


we obtain, as will be seen in Chapter IV, the following, 


f, Lb af 
SapSap’ + SBpSBp' + SypSyp' =~“ ee 25 


where p’ also may be any vector whatever. 

This is another very important formula of transformation ; and 
it will be a good exercise for the student to prove its truth by 
processes analogous to those in last section. We may merely 
observe, what indeed is obvious, that by putting p’=p it becomes 
the formula of last section. And we see that we may write, with 
the recent values of « and « in terms of a, 8 y, the identity 

+k’) p+2V. ipx 
aSap + BSBp + ySyp = ae vs 7 
_ (© —K)'p +2 (SKp + «Sip) 
a (K? et cy y 
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130. In various quaternion investigations, especially in such 
as involve imaginary intersections of curves and surfaces, the old 
imaginary of algebra of course appears. But it is to be particularly 
noticed that this expression is analogous to a scalar and not to a 
vector, and that like real scalars it is commutative in multipli- 
cation with all other factors. Thus it appears, by the same proof 
as in algebra, that any quaternion expression which contains this 
imaginary can always be broken up into the sum of two parts, one 
real, the other multiplied by the first power of ¥—1, Such an 
expression, Viz. 

q=ge+ v—1 qd» 

where qg’ and q” are real quaternions, is called by Hamilton a 
BIQUATERNION. [The student should be warned that the term 
Biquaternion has since been employed by other writers in the 
sense sometimes of a “set” of 8 elements, analogous to the 
Quaternion 4; sometimes for an expression q' + 6q'" where @ is not 
the algebraic imaginary. By them Hamilton’s Biquaternion is 
called simply a quaternion with non-real constituents.] Some 
little care is requisite in the management of these expressions, but 
there is no new difficulty. The points to be observed are: first 
that any biquaternion can be divided into a real and an fener - 
part, the latter being the product of V--1 by a real quaternion ; 
second, that this V —1 is commutative with all other quantities in 
multiplication ; third, that if two biquaternions be equal, as 


/ ag os V4 
g a ea @’ =r +V—1r", 
we have, as in algebra, q’=7', g”’=r"; 
so that an equation between biquaternions involves in general 
fo) 


eight equations between scalars. Compare § 80, 


131. We have obviously, since V 5 4 scalar, 
S(q + —1q")=Sq1+V—184", 
V(qt+v—-1q)=V¢4+V—-1 Vq". 
Hence (§ 103) 
Tg Sa 
= (Sq + al Sq’'+ Vo +V¥—1 Vq") (Sq + Spey) Sg Vd 
—V—1 V4’) 
= (Sq +V —1 Sq’)? — (Va +V =1 Va"), 
= (Tq) —(T7'P +2 —18. (Kq". 
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The only remark which need be made on such formulae is this, that 
the tensor of a biquaternion may vanish while both of the component 
quaternions are finite. 

Thus, if Garg, 


(Gm 


and S.qKq' =9, 
the above formula gives 
T(q¢ +V¥—-1q’)=0. 
The condition S.¢Kq’ =0 
may be written 
Kq"=q"4, or gq” =-akgq 


where @ is any vector whatever. 
Ta 


Hence f7=Tq’ = OS 3 


and therefore 
Tq' (Ud —V —1 Ua. Ug’) =(1-V —1 Ua)q 


is the general form of a biquaternion whose tensor is zero. 


Kncotide 
132. More generally we have, g, 7, q’, 7° being any four real 
and non-evanescent quaternions, 


@Q4+V¥—19/) (7 +¥ —Ir')=gr— gr’ +V—1 (gr +r). 


That this product may vanish we must have 


qr=q", 
and qr =— 7. 
Eliminating 7’ we have gq’ ‘qr=—4’, 
which gives (7 "qy =-1, 
Le. q= 4 


where @ is some unit-vector. 
And the two equations now agree 1n giving 


—r=ar, 
so that we have the biquaternion factors in the form 
gq (a+V—1) and —(a—-V-1)r; 
and their product is 
—¢' (a+ —1) @=v¥—1) r, 


which, of course, vanishes. 
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[A somewhat simpler investigation of the same proposition 
may be obtained by writing the biquaternions as 
d(qtq+N—]) and (rr? + V1) 1, 
or g (q’+NV=1) and @ + Vv —1) 1, 
and shewing that 
q’ =—r"” =a, where Ta=1.] 
From this it appears that if the product of two bivectors 
p+oV—1 and p+a0/V-1 
is zero, we must have 
op —— fen © = Ua, 
where @ may be any vector whatever. But this result is still more 
easily obtained by means of a direct process. 


133. It may be well to observe here (as we intend to avail our- 
selves of them in the succeeding Chapters) that certain abbreviated 
forms of expression may be used when they are not liable to confuse, 
or lead to error. Thus we may write 

TRG tor La). 
just as we write cos’@ for (cos 6)’, 
although the true meanings of these expressions are 
T' (Tq) and cos (cos 6). 


The former is justifiable, as 7'(7'q) = Tq, and therefore 7° is not 
required to signify the second tensor (or tensor of the tensor) of gq. 
But the trigonometrical usage is defensible only on the score of 
convenience, and is habitually violated by the employment of 
cos’ # in its natural and proper sense. 


Similarly we may write 
S°q for (Sq)’, &e., 

but it may be advisable not to use 

Sq’ 
as the equivalent of either of those just written; inasmuch as it 
might be confounded with the (generally) different quantity 

Sig. OF ogo) 

although this is rarely written without the point or the brackets, 


The question of the use of points or brackets is one on which 
no very definite rules can be laid down. A beginner ought to use 
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them freely, and he will soon learn by trial which of them are 
absolutely necessary to prevent ambiguity. 

In the present work this course has been adopted :—the 
earlier examples in each part of the subject being treated with 
a free use of points and brackets, while in the later examples 
superfluous marks of the kind are gradually got rid of. 

It may be well to indicate some general principles which 
regulate the omission of these marks. Thus in S.a8 or V.a8 
the point is obviously unnecessary :—because Sa«=0, and Va=a, 
so that the S would annihilate the term if it applied to « alone, 
while in the same case the V would be superfluous. But in S.qr 
and V.gr, the point (or an equivalent) is indispensable, for Sq.7, 
and Vqg.r are usually quite different from the first written 
quantities. In the case of K, and of d (used for scalar differen- 
tiation), the omission of the point indicates that the operator acts 
only on the nearest factor :—thus 

Kqr=(Kq)r=Kq.r, dqr=(dqg)r=dq.r; 
while, if its action extend farther, we write 
K .qr=K (qr), d.qr=d(q), &e. 

In more complex cases we must be ruled by the general 
principle of dropping nothing which is essential. Thus, for 
instance 

V (pk (dq) V (Vq.r)) 
may be written without ambiguity as 
V.pKdqV Var, 
but nothing more can be dropped without altering its value. 

Another peculiarity of notation, which will occasionally be 
required, shows which portions of a complex product are affected 
by an operator. Thus we write 

VSor 
if V operates on o and also on 7, but 

V Sor, 
if it operates on 7 alone. See, in this connection, the last Example 
at the end of Chap. IV. below. 


134, ‘The beginner may expect to be at first a little puzzled 
with this aspect of the notation; but, as he learns more of the 
subject, he will soon see clearly the distinction between such an 
expression as 


S. VaBV By, 
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where we may omit at pleasure either the point or the first V 
without altering the value, and the very different one 


SaB .V By, 
which admits of no such changes, without alteration of its value. 
All these simplifications of notation are, in fact, merely examples 
of the transformations of quaternion expressions to which part of 
this Chapter has been devoted. Thus, to take a very simple ex- 
ample, we easily see that 
S.VaBVBy=SVaBVBy=S.aBVBy =SaV. BV By =—SaV.(VBy)B 
= SaV.(VyB)B=S.aV(y8)8 =S.V(y8)ba=SVyBVBa 
= S.yBVBa=S.K(By)VBa=S.ByK VBa=—8S.ByVBa 
= 88. VyBV Ba, &e., &e. 
The above group does not nearly exhaust the list of even the simpler 
ways of expressing the given quantity. We recommend it to the 
careful study of the reader. He will find it advisable, at first, to 
use stops and brackets pretty freely; but will gradually learn to 
dispense with those which are not absolutely necessary to prevent 
ambiguity. 
There is, however, one additional point of notation to which 
the reader's attention should be most carefully directed. A very 
simple instance will suffice. Take the expressions 


2/1@ 


yal and Py 
a ya 


The first of these is 
By”. yx" = Ba", 
and presents no difficulty. But the second, though at first sight 
it closely resembles the first, is in general totally different in 
value, being in fact equal to 
Byary”. 

For the denominator must be treated as one quaternion. I, 

then, we write 


by _, 
ya 
we have 
Bry = qy2, 
so that, as stated above, , 
q = Byary”. 


We see therefore that 
yee. YY y 
© _= Sell but not ae 


ya a ay rat 
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EXAMPLES TO CHAPTER III. 


1. Investigate, by quaternions, the requisite formulae for 
changing from any one set of céordinate axes to another; and 
derive from your general result, and also from special investiga- 
tions, the usual expressions for the following cases :— 


(a) Rectangular axes turned about z through any angle. 


(b) Rectangular axes turned into any new position by rota- 
tion about a line equally inclined to the three. 


(c) Rectangular turned to oblique, one of the new axes 
lying in each of the former céordinate planes. 


2. Point out the distinction between 


(248) a wags 


and find the value of their difference. 


If TB/a=1, then U — = (2). 
: at+B_ oe 
Shew also that poo ane? 
a—6 Vap 


nM a+ 1—S82f’ 


provided a and 8 be unit-vectors. If these conditions are not 
fulfilled, what are the true values ? 


3. Shew that, whatever quaternion r may be, the expression 
ar+rB, 
in which a and @ are any two unit-vectors, is reducible to the 
form 
L(a+8)+m(aB —1), 

where / and m are scalars. 

4, If To=Ta=T8=1, and S.a8p =0, shew by direct trans- 
formations that 

S.U(p—a) U (p—f)=+ V3 — 828). 


Interpret this theorem geometrically. 
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5. If Sa8=0, Ta = TB =1, shew that 
v7 mt 


Ve 
al -+ a 8 — 2 Gos = a2 B = 2Sa 2 . qs iS. 


6. Put in its simplest form the equation 
pS. VaBV By Vya =aV.VyaVap + bV.VaBVBy +cV.VByVye; 
and shew that C= Wa Sy ance: 


7. Shew that any quaternion may in general, in one way only, 
be expressed as a homogeneous linear function of four given 
quaternions. Point out the nature of the exceptional cases. Also 
find the simplest form in which any quaternion may generally be 
expressed in terms of two given quaternions. 


8. Prove the following theorems, and exhibit them as proper- 
ties of determinants :— 


(a) S.@+8)(B+¥)(y+4) = 28. ay, 
(b) S.VaBVByVya= —(S.aBy)’, 
(c) S.V(a+B)(B+y)V(B+y)(y¥+4) Viy4+ a) (+8) 
=—4(S. aBry)”, 
(d) S.V(VaBVBy) V(VByVya) V (VyaVaB) = —(S.aBy)’, 
(e) S.de6=—16(8. aBy)’, 
where 5=V(V (4+) (8+y)V(B4+y)(y¥+4)), 
e=V(V8+) (y+ 4) V(y+2) («+ 8)), 
C= V(V(y+a)(a+8) V(a+ 8) (8 +4). 
9. Prove the common formula for the product of two determi- 
nants of the third order in the form 
S.aByS.a8,y,=| Saa, SBa, Srya, 
Sa8, SPB, SyP, 
Say, Sy, Syy, 


. 


10. Shew that, whatever be the eight vectors involved, 
Sac, Sap, Say, Sad, | =S.aByS. B,y,6,Sa, (6 — 8) = 0. 
SBa, SBB, SBy, S88, 
Sya, SyB, Syy, Syd, 
Soa, SOB, Soy, S66, 
If the single term Saa, be changed to Sa,a,, the value of the 
determinant is 


S.BydS. Byy,8,Sx, (2, — 2). 
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State these as propositions in spherical trigonometry. 
Form the corresponding null determinant for any two groups 
of five quaternions: and give its geometrical interpretation. 


ll. If, in § 102, a, B, y be three mutually perpendicular 
vectors, can anything be predicated as to ti Pa vet jf a, Boy be 
rectangular unit-vectors, what of a, Bo? 


12. Ifa, B, y, a’, 8’, y' be two sets of rectangular unit-vectors, 

shew that 
Saa’ = SyS8’SBy' — SBB'Syy’, &e., &e. 

13. The lines bisecting pairs of opposite sides of a quadri- 
lateral (plane or gauche) are perpendicular to each other when the 
diagonals of the quadrilateral are equal. 

14. Shew that 

(a) S.g=2S*¢-T'g, 
) S.g =Sq —3SqT’ Vo, 
(c) 26%? + S?. aBy = V?. aBy, 
(d) S(V.aByV. ByaV.yaB) = 4SaBSBySya8 . aBy, 
(ec) Vig =(8S’q—T’Vq) Va, 
(f) qUVg*=—-Sq.UVq+TVq; 


and interpret each as a formula in plane or spherical trigonometry. 


15. If g be an undetermined quaternion, what loci are repre- 
sented by 
(a) (qa*)’=— a’, 
(0) (qa*)'=a', 
() S.(g—a)*=a', 
where a is any given scalar and @ any given vector ? 


16. If gq be any quaternion, shew that the equation 
Aa — q 
is satisfied, not alone by Q= + q, but also by 
Q=+J/-1(Sq. UVq — TV9). ; 
(Hamilton, Lectures, p. 673.) 


17. Wherein consists the difference between the two equations 
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What is the full interpretation of each, a being a given, and p an 
undetermined, vector ? 


18. Find the full consequences of each of the following 
groups of equations, as regards both the unknown vector p and 
the given vectors 4, 8, y:— 


Sipe) Sap =0, 

J. aBp = 0, oy . 

(a) 9 a Lies (6) S:aBp=0, (6) sS.26ps—0, 
ia ae S8p =0; S.aByp = 0. 


19. From § 74, 110, shew that, if e be any unit-vector, and mm 


8 nut LOLs 
any scalar, C= C0S = 6 oi ae 


2 2 
Hence shew that if «, 8, y be radii drawn to the corners of a tri- 
angle on the unit-sphere, whose spherical excess is m right angles, 
ate aici 2 Baa are 
Baty oS ey os 
Also that, if A, B, C be the angles of the triangle, we have 


20 2B 24 
Y BGs Tyr th. 
20. Shew that for any three vectors a, B, y we have 
(Uap)* + (Uy) + (Uay)? + (U. aby)? +4U ay. SUaBSUBy = — 2. 
(Hamilton, Hlements, p. 388.) 


21. If a,,a,,a,, @ be any four scalars, and Py» Po» P, any three 
vectors, shew that 


(S.. p,P.Ps)" + (%.a,Vp.p,)° + @ (&Vp,p.)” — x" (2. a, (Pp, — p))” 
+ 21I (x + Sp,o, + a,a,) = 211 (x + p’) + 2T1a? 
+= {(a* os a” i p:) ((Vp.p,)” + 20,0, (x aus Sp.Ps) ae (P2 aa ps) ) ) 
where Ila? = a,'a,7a,.. 
Verify this formula by a simple process in the particular case 
d,=d,=a,=“2=0. 
(Lbid.) 
22, Eliminate p from the equations 
V. Bpap =0, Syp =0; 


and state the problem and its solution in a geometrical form, 
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23. If p, q, 7, 8 be four versors, such that 
gp = — sr =a, 
rg =—ps=B8, 
where a and 8 are unit-vectors; shew that 
S(V.VsVq V. VrVp) =0. 


Interpret this as a property of a spherical quadrilateral. 


24. Shew that, if pq, rs, pr, and qs be vectors, we have 
S(V.VpVs V. VqVr) =0. 
25. Ifa, 8, y be unit-vectors, 
VByS . By = — a(1— S*By) — B (SaySBr + Saf) 
— 7 (SaBSBy + Say). 
26. If 7%, 7,k, 7v, 7’, k, be two sets of rectangular unit-vectors, 
shew that 
S.Va' Vy Vek’ = (Sa) — (Sj)? 
= (Sjk’)’ — (Sk7’)’ = &e., 
and find the values of the vector of the same product. 


27. Ifa, 8, y be a rectangular unit-vector system, shew that, 
whatever be X, p, », 
 DSMia + wS iy + vSPhB, 
USPhry + wS'7B + vS*%ja, 
and ASB + wS*ha+ vS?iy, 
are coplanar vectors. What is the connection between this and 
the result of the preceding example ? 


CHAPTER IV. 
DIFFERENTIATION OF QUATERNIONS. 


135. In Chapter I. we have already considered as a special 
case the differentiation of a vector function of a scalar independent 
variable: and it is easy to see at once that a similar process is 
applicable to a quaternion function of a scalar independent variable. 
The differential, or differential coefficient, thus found, is in general 
another function of the same scalar variable; and can therefore be 
differentiated anew by a second, third, &c, application of the same 
process. And precisely similar remarks apply to partial differentia- 
tion of a quaternion function of any number of scalar independent 
variables. In fact, this process is identical with ordinary differ- 
entiation. 


136. But when we come to differentiate a function of a vector, 
or of a quaternion, some caution is requisite; there is, in general 
(except, of course, when the independent variable is a mere scalar), 
nothing which can be called a differential coefficient ; and in fact 
we require (as already hinted in § 33) to employ a definition of a 
differential, somewhat different from the ordinary one but, coinciding 
with it when applied to functions of mere scalar variables. 


1387. Ifr=F (q) be a function of a quaternion gq, 
dr = dFy= £0 (F (q+!) — P(g), 
where is a scalar which is ultimately to be made infinite, is 
defined to be the differential of r or Fy. 


Here dg may be any quaternion whatever, and the right-hand 
member may be written 
FG aq), 
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where f is a new function, depending on the form of #; homo- 
o Ani ITpAA =e . 1 
geneous and of the first degree in dy; but not, in general, capable 
of being put in the form 

f (q) dg. 


138. To make more clear these last remarks, we may observe 
that the function 
t (q aq), 
thus derived as the differential of F (q), is distributive with respect 
to dg. That is 
JGr+N=fGrt+lG 8), 
r and s being any quaternions. 


For f(qr+s)=£_n {F (2+"**)-Fr@} 


=< th (a+ + 5)—F(a+5)+(q+2) FA} 
ren HR(g+S+2)-F(q+2\h ee, n \F(a+,)- Fal 
=f (4 7) +f (% 8)- 


And, as a particular case, it is obvious that if # be any scalar, 
f (q 2r) = af (q, 7). 
139. And if we define in the same way 
GEG C8 aan se ) 
as being the value of 
dq ,ar ds : 

Rane(ge rt Set 9, Cee )-Fans, age I, 
where g, 7, s,... dg, dr, ds,...... are any quaternions whatever; we 
shall obviously arrive at a result which may be written 

FG. 588509, At, dS; 0549 i 
where f is homogeneous and linear in the system of quaternions 
QO POT OS occ: and distributive with respect to each of them. Thus, 
in differentiating any power, product, &c. of one or more quater- 
nions, each factor is to be differentiated as if it alone were variable ; 
and the terms corresponding to these are to be added for the com- 
plete differential. This differs from the ordinary process of scalar 
differentiation solely in the fact that, on account of the non-com- 
mutative property of quaternion multiplication, each factor must in 
general be differentiated in situ. Thus 
d (qr) =dq.r+qdr, but not generally = rdq + qdr. 
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140. As Examples we take chiefly those which lead to results 
which will be of constant use to us in succeeding Chapters. Some 
of the work will be given at full length as an exercise in quaternion 
transformations. 


DT pp 
The differential of the left-hand side is simply, since Jp is a 
scalar, 


2T'p dT p. 
2 
That of p” is te n| (p a -s'} 


Stee a0 (= Spdp + cy) (§ 104) 


= 2Spdp. 
Hence Tp dT'p = — Spdp, 
d 
or dTp=—S.Updp=S 2, 
(NIE Up 
or PA) 2 
Tp |p 


(2) Again, p=Tp Up 
dp=dTp.Up+TpdUp, 


lp dTp dU, 
whence piled Soler pao 
p Lp — Up 
dp dU, 
= Sat aie by (1). 
Hence ae = ip 
Up p 


This may be transformed into yee or “fe ae 
p > 


(3) (q)*=¢Kq 


j = ms dq dq - 
27q dT q dak) =L.n| (y+) x (a+° 2). ak), 


Kdq+dqkK 
== 7) (fone gig a = Kg) ; 
n = 


= qKdq + dqKaq, 
= ¢Kdq + K (qKdgq) (§ 55), 
= 2 Se qKdq =28. dqKq. 
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Hence dTq=8.dq URg=S. dqUq' = ToS dy 
; q 
since Tq=TKq, and UKg = Uq". 


[If g=p, a vector, Kq= Kp=~—p, and the formula becomes 
dTp=—S. Up dp, as in (1).] 


Again, dq = TqdUq + UqdT¢, 
which gives se otk + es ; 
qY q ‘Y 
whence, as S ae = ae3 
q Tq’ 
we have fis 2 ot 
q Ug 
d 2 
(4) d(g)=L,n | (4 = “1) ® “| 
=qdq+dq.q 


= 2S. qdq + 2Sq.Vdq + 2Sdq. V¢. 
If q be a vector, as p, Sq and Sdq vanish, and we have 
d(p*) = 2Spdp, as in (1). 
(5) Let q=7". 
This gives dr'=dg. But 
dr =d (q°)=qdq+dq.¢. 
This, multiplied by g and into Kq, gives the two equations 
qdr = q'dq + qdq. 4, 
and drKq = dq.Tq' + qdq. Kq. 
Adding, we have 
gdr+dr.Kq=(¢-+T¢ + 28q.q) dq =48Sq.¢dq; 
whence dq, i.e. dr’, is at once found in terms of dr. This process 


is given by Hamilton, Lectures, p. 628. See also § 193 below, and 
No. 7 of the Miscellaneous Examples at the end of this work. 


(6) qq =1, 
qdg* +dq.q*=0; 
dg =—q"dq.q". 


If ¢ is a vector, = p suppose, 
dq” =dp* =—p"dp.p™ 
T. Q. I. 
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my ork 
ee ie 
a (ge _ 28 a) 1 
\p PEP 
E55 (=) os 
Pah 
(7) q=8q+ V4q, 
dqg=dSq+dVq. 
But dq = Sdq+ Vdq. 
Comparing, we have 
dSq=Sdq, dVq=Vdq. 
Since Kg =Sq— Vq, we find by a similar process 
dKkq = Kdq. 
(8) In the expression gaq™, where a is any constant quaternion, 
q may be regarded as a mere versor, so that 
(lq) — 1G Ka— 90% 
Thus Db agiko— 0 
and hence dq =—qdq", 
as well as 
q dqg=—dq"y, 
are vectors. But, if a=a-+a, where a is a scalar, gag’ =a, Le. 
constant, so that we are concerned only with d(qaq"). 
Hence d(qaq*) = dq aq* — qaq*dqq"’, 
= dqq?.qag* — qq’ .dqq’, 
=2V.dqyqaq’ =—2V.qdq"qaq". 
(9) With the restriction in (8) above we may write 
qg=cos u+@ sin u, 
where TA=1; Sédéd=0. 
Hence g' =cos u—@ sin w; 
— ¢ dq =dg"g = { — (sin w+ @ cos u) du —dé sin u} (cos w+ 6 sin w) 
=— 6 du—dé@ sin u (cos u+ @ sin w) ; 
—qdq*=dq q°= Odu+désin u (cos u—@ sin wu), 
Both forms are represented as linear functions of the rectangular 
system of vectors 


0, dd, 6dé. 


———E————— ee 
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If the plane of q be fixed, @ is a constant unit vector, and 
dq q' =—dq" q=6@du. 


(10) The equation (belonging to a family of spheres) 


pore 
FS ae 
gives S dp {(p +2) —e (p—a)} =0; 


or, by elimination of e, 
8 dp {(p +a)*-(p—)} =0, 
whose geometrical interpretation gives a well-known theorem. 


If we confine our attention to a plane section through the 
vector a, viz. 


S.yap=0, S.yadp=0; or SGp=0, S8dp=0, 
where B\{ Veya|| Vap ; 
we have 


dpllV. 8 {(p +a)" —(p—2)"} or V.dp VB {(p +4) — (p—2)"} =0. 


(11) Again, from 
are 
p—4 
(which is the equation of the family of tores produced by the 
rotation of a group of circles about their common chord) we have 
SU.(p +4) (p—a)=—e. 

Also this gives VU.(p+a)(p—a2)=B=J/1—eU. Vap. 

We obtain from the first of these, by differentiation, 


dp dp e i 
Boer U(p+a) U(p—a)+U(p+a VP, Up a)} =0, 


or S. Bdp {(p + 4) *—(p—4)"} = 0. 

If we consider § to be constant, we limit ourselves to a meridian 
section of the surface (i.e. a circle) and the form of the equation 
shews that, as 8 is perpendicular to the plane of a, p (and, of 
course, dp), 

V.dp ((p +4)" —(p—4) }=0. 
We leave to the reader the differentiation of the vector form of 


the equation above. 
These results are useful, not only as elementary proofs of 
geometrical theorems but, as hints on the integration of various 


simple forms. pa 
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(12) Asa final instance, take the equation 
p 'pp=4% 
where p’ stands for dp/ds, s being the are of a curve. 
By § 38, « is a unit vector, and the expression shews by its 
form that it belongs to a plane curve. Let @ be a vector im its 
plane, and perpendicular to a. Operate by 8.8 and we get 


eee Spp’— SBp’=0, 


2 


whose integral is 
p —S8p =9, 
the tensor of 8 being the constant of integration. 


141. Successive differentiation of course presents no new 
difficulty. 

Thus, we have seen that 

d(q°)=dq.q+ qdq. 
Differentiating again, we have 
d (q’) = d'q.q + 2(dqy + qa, 

and so on for higher orders. 

If q be a vector, as p, we have, § 140 (1), 

d(p’) = 2Spdp. 

Hence d’ (p”) = 2 (dp)? + 2Spd’p, and so on. 


oe: U, 
Similarly d’Up=—d (re Vpdp) ‘ 
1 dTp  2Spd 
u d Th? To To’ 
and d.Vpdp =V.pd’p. 


2 U, » UpVpd’p 2UpVpdpSpd 
Hence CUp=—= Ved p ee eee 
fa Tp ( Pp p) To: Lio: 
Up Bae 
= Ti ((Vpdp)’ + p? Ved?p — 2 VedpSpdp}*. 


142. If the first differential of q be considered as a constant 
quaternion, we have, of course, 


ag, dq = 0, &e. 
and the preceding formula become considerably simplified. 


* This may be farther simplified; but it may be well to caution the student that 
we cannot, for such a purpose, write the above expression as 


Up 2 9 Y 
Tp! V.p{dpVpdp+d?p. p?- 2dpSpdp}. 


144. | DIFFERENTIATION OF QUATERNIONS. 101 


Hamilton has shewn that in this case Taylor's Theorem admits 
of an easy extension to quaternions. That is, we may write 


f (q+ adq) =f (q)+ edf (q) +775 f (Q) + 


if dq =0; subject, of course, to particular exceptions and limita- 
tions as in the ordinary applications to functions of scalar variables. 
Thus, let 
J (Q=¢@, and we have 

df (q) =q'dq + qdq.q+dq.9’, 

a’f (q) = 2dq . qdq + 2g (dq) + 2 (dq)*g, 

af (g) = 6 (dq)’, 
and it is easy to verify by multiplication that we have rigorously 

(q + dq)’ =@ + x (q’dq + qdq.q+dq.q°)+ 
a* (dq. qdq + q (dq) + (dg)’g) + #* (dq); 

which is the value given by the application of the above form of 
Taylor’s Theorem, 

As we shall not have occasion to employ this theorem, and as 
the demonstrations which have been found are all too laborious for 
an elementary treatise, we refer the reader to Hamilton’s works, 
where he will find several of them. 


143. To differentiate a function of a function of a quaternion 
we proceed as with scalar variables, attending to the peculiarities 
already pointed out. 


144. A case of considerable importance in geometrical and 
physical applications of quaternions is the differentiation of a scalar 
function of p, the vector of any point in space. 

Let F (py=C, 
where F is a scalar function and C an arbitrary constant, be the 
equation of a series of surfaces. Its differential, 


ie (p, dp) = 0, 
is, of course, a scalar function: and, being homogeneous and linear 
in dp, § 137, may be thus written, 
Svdp = 0, 
where v is a vector, in general a function of p. 

This vector, v, is shewn, by the last written equation, to have 
the direction of the normal to the given surface at the extremity 
of p. It is, in fact, perpendicular to every tangent line dp; 
§ 36, 98. 
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145. This leads us directly to one of the most remarkable 
operators peculiar to the Quaternion Calculus; viz. 


Ome ad d 
Ve a a ae 2t Lapin sa eteeees (Ly 


to whose elementary properties we will devote the remainder of 
the chapter. The above definition is that originally given by 
Hamilton, before the calculus had even partially thrown off its 
early Cartesian trammels. Since 2, 7, k stand for any system of 
rectangular unit vectors, while #, y, z are Cartesian co-ordinates 
referred to these as axes, it is implied in (1) that V is an Invariant. 
This will presently be justified. Meanwhile it is easy to see that 
if p be the vector of any point in space, so that 


p=a+ jy + kz, 


we have V pS Oia h ok cesane ome an cheneeeaie (2), 
r = ae 0 + DY + kz p 
Vin=Vie py ee eee 
it og J@+y+2 T'p P ( ) 
V (lp)? = 1 (ip) Vil pin Gio) pret ae (4), 
of which the most important case is 
1 U, 
Ve ee 5). 
Tp = =(ZLpy> Tp" 2 
A second application gives 
pe Al) Ve il 
V7 = Tiss Tot Oe 25 innate (6) 
Again 
Vp=—3=VTp.Up+Tp.VUp=—1+7p.VUp, 
2 
so that VUp=- Toa ee (7). 


By the definition (1) we see that 


ee \(g) + (=) + (x) soln Pe (8), 


the negative of what has been called Laplace's Operator. Thus 


(6) is merely a special case of Laplace’s equation for the potential 
in free space. 


Again we see by (2), « being any constant vector, 


SaV .p —VSap= V.aVVp=0, 


from which 


VVap + Va. p= (SaV. p —a8Vp) + (aSVp — V Sap) = 0. 
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[The student should note here that, in expanding the terms of 
the vector function on the left by the formula (1) of § 90, the 
partial terms are written so that V is always to the left of (though 
not necessarily contiguous to) its subject, p.] 


146. By the help of these elementary results, of which (3) 
and (7) are specially noteworthy, we easily find the effect of V 
upon more complex functions. 

For instance, taking different modes of operating, we have with 

a=tia+jb+ke 
SaV .p = VSap =—V (aw + by + cz) =— (ia + jb + ke) =—a...(1), 


or thus VSap = Wai + jSaj + kSak =— a; 
while — VaV .p=V Vap =— V Vpa=—V (pa — Spa) 

BO — HHO. ices eceeoee eens (2), 
or VVap =1Vai+ jVaj + kVak = 2a. 


From the latter of these we have 
ee Ce Eerie te ~ Bean” a, 
Tp’ <= oe Tp’ aa Tp = T° Or 
[where note that the first of these values is obtained thus, 
Vap VVap 1 
Tp Tp" Tp’ 
The order is of vital importance.] 
This, in its turn, gives 
Vap __ Sadp__ 3SapSpdp Lae Sap (4) 
ga a a 
where 6 is a symbol of variation. This is a result of great physical 
importance, especially in electro-dynamics. We may alter the 
right-hand member (by § 145, (5)) so as to write the whole in the 
form 


V Vap. 


S. dpV - 


Vap _ 
Tp° 
And it is easy to see that S may be substituted for V in the left- 
hand member. [The reason for this may be traced in the result of 
$145 (6).] 

As an addition to these examples, note that (by (2) of § 148, 
below) 


1 1 
S.8pV BSaV 7 = SAV. Boones (4’). 


Vap___ Vap 


SopV : Tp =< Zi, ) 
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which may be contrasted with (4) above. The altered position of 
the point produces a complete change in the meaning of the left- 
hand member. 
Finally, we see that 
VidaSBp =— 2RG.....scrceverecneseecees (5), 


a result which will be found useful in next Chapter. 


147. Still more important are the results obtained from the 
operator V when it is applied to 


FSU LGN Le av iasssccssstencestens (LD) 
and functions of this vector. (Here & 7, € are functions of a, y, 2, 
so that o is a vector whose value is definite for each point of 
space.) 
We have at once 


__ dé dn dé) (dk dy 
MOG Greece 


+i(G-F)+e(E-F) Le: (2). 


Those who are acquainted with mathematical physics will 
recognize at a glance the importance of this expression. For, if ¢ 
denote the displacement (or the velocity) of a point originally 
situated at p, it is clear that 

(dé dy , df 
SVo=-—(34+—4+— ‘ 

5 Pekan ae) je ean (3), 
represents the consequent condensation of the group of points (say 
particles of a fluid) originally im the neighbourhood of p, while 

nf OG | On een ( OE ame dn dé 
VV =i (7 - (ea) oe : 
7 dy dz ag dz dx an da a Re), 
represents double the (vector) axis of rotation of the same group. 

Other, and more purely quaternion, methods will be employed 
later, to deduce these results afresh, and to develop their applica- 
tions. They are introduced here in their semi-Cartesian form 
merely to shew the importance of the operator V. 


148. Let us recur to the equation of § 144, viz. 
D0) 0 a eee (1). 


Ordinary complete differentiation gives 


dF, dF, dF. 


4 aw at 
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or, what is obviously the same, 
Ee RE OV Eee iti. do (2), 
which we may write, if we please, as 
—SdpV . F. 
Here the point is obviously unnecessary, but we shall soon 
come to cases in which it, or some equivalent, is indispensable. 
Thus it appears that the operator 
— SdpV 
is equivalent to total differentiation as involved in the passage 
from p top+dp. Hence, of course, as in § 144 
dF (p) = 0 = Svdp = — SdpVF, 
and thus (as dp may have any of an infinite number of values) 
VEE wee cca cw saudi bearers (3). 


If we pass from one surface of the series (1) to a consecutive 

one by the vector dp, we have 
— Svdp = 80. 

Hence — vy *8C is a value of dp; so that the tensor of v ts, at every 
point, inversely as the normal distance between two consecutive 
surfaces of the series. 

Thus, if (1) be the equation of a series of equipotential surfaces, 
v, as given by (3), represents the vector force at the point p; if 
(1) be a set of isothermals, v (multiplied by the conductivity, a 
scalar) is the flux of heat, &c. 


149. We may extend the result (2) of § 148 to vector functions 
by multiplying both sides into a constant vector, 4, and adding 
three such expressions together. Thus if 

o=aF+ BF, + yf, 
we obtain at once 
da=—B8 (dpV) o =—Sdpy oo se..crnscorrens (4). 
But here the brackets, or the point, should (at first, at least) be 
employed ; otherwise we might confound the expression with 
do =—S.dpVoa 
which, as equating a vector to a scalar, is an absurdity (unless both 
sides vanish). See again, § 148. 
Finally, from (2) and (4), we have for any quaternion 


fg = A ee (5). 
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The student’s attention is particularly called to the simple 
processes we have adopted in obtaining (4) and (5) from (2) of 
§ 148; because, in later chapters, other and more complex results 
obtained by the same processes will frequently be taken for 
granted; especially when other operators than S(dpV) are em- 
ployed. The precautions necessary in such matters are two-fold, 
(a) the operator must never be placed anywhere after the operand ; 
(b) its commutative or non-commutative character must be carefully 
kept wn view. 


EXAMPLES TO CHAPTER IV. 


1. Shew that 


Lb dq _ dq 
(a) GSU Sd Vi als i ea 
(6) ad. VUg=V. UG tag > 
rVUga9 tut gy 
(esa) Ug—as Tae ava SUq, 


(d) d.at= = ada, 


(e) ak. Tq = {S?. dqq™ ed (dqq')?} Tq mae TqV? dq 


g 
eet Fp =. SapSBp + tgp” 
give dF’p = Svdp, 
shew that v= 2V.ap8 + (g + =SaB) p. 


3. Find the maximum and minimum values of T'p, when 
(a) (p—4a4)=-@; 
Cees Baa 
SBp = 0; 
(c) p'—SapS6p = — a’; 
(d)  p* — SapSBp = — ‘a 
Syp = 0. 


Point out the differences, geometrical and analytical, between 
(a), (c) on the one hand, and (6), (d) on the other. 
State each of the problems in words. 
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4, With V as in § 145, shew that 
SV (gaq™) = 28. Vqag? = 28.ag?Vy. 
VV (gag) = 2qaq°'S.V pq" — 28 (qaq'V)q.q" 
where q is a function of p, and « any constant vector. 
5. Shew that, if a, 8, y be a constant rectangular unit-vector 
system, 


qaq 'd , qaq i gBq'd . qq" + qyq ‘a e gBq" =— 4dqq''. 


6. Integrate the differential equations :— 
(a) pt+aS8p=y¥, 


(bo) gtaq=b, 
(c) O0= Vad. Proc. R. 8. EL. 1870. 
7. Shew that 


(a) JVadpS8p =3V .a(pS8p + V.BJVpdp). 
(b) fdpVap=4(pVap—V.af/Vpdp) +S. aJVpdp. 
(c) JV .VadpV 6p =4 (aS. B/Vpdp + BS. afVpdp — pS. aBp), 
(dq) JS.Vadp VBp = 3 (SzpSBp — p*Sz8 —S.a8/Vpdp). 
When these integrals are taken round a closed plane curve we 
have 


JVpdp =2Ay, 
where A is the area, and ya unit vector perpendicular to its plane. 
In this case 
Jdp Vap = A Vya+ 2ASyz, 
JV .VadpV Bp = A (aSBy + BSay), 
fS.VadpV Bp = AS. aBy. 


8. State, in words, the geometrical theorems involved in the 
equations of § 140, (10), (11), (12). 


9. Shew (by means of § 91) that 
Veo Ve me. VoV.. oy, 
where V, V,, operate respectively on oc, o,; but, after the 
operations are performed, we put 
Vi=V,icp=o 


CHAPTER V. 


THE SOLUTION OF EQUATIONS OF THE FIRST DEGREE. 


150. We have seen that the differentiation of any function 
whatever of a quaternion, q, leads to an equation of the form 


dr = f (q, ag), 
where f is linear and homogeneous in dg. To complete the process 
of differentiation, we must have the means of solving this equation, 
so as to be able to exhibit directly the value of dq. 

This general equation is not of so much practical importance 
as the particular case in which dq is a vector; and, besides, as we 
proceed to shew, the solution of the general question may easily be 
made to depend upon that of the particular case; so that we shall 
commence with the latter. 

The most general expression for the function f is easily seen 
to be 

dr =f (q¢, dq) = =V.adqb+S8 .cdq, 
where a, b, and ¢ may be any quaternion functions of g whatever, 
including even scalar constants. Every possible term of a linear 
and homogeneous function is reducible to this form, as the reader 
may see at once by writing down all the forms he can devise. 

Taking the scalars of both sides, we have 

Sdr =8.cdq = SdqSc+8. VdqVe. 
But we have also, by taking the vector parts, 
Vdr = 2V.adgqb=Sdq.>=Vab+%V.a(Vdq) b. 

Eliminating Sdg between the equations for Sdr and Vdr it is 
obvious that a linear and vector expression in Vdqg will remain. 
Such an expression, so far as it contains Vdq, may always be 
reduced to the form of a sum of terms of the type aS. BVdgq, by 
the help of formule like those in §§ 90, 91. Solving this, we have 
Vdq, and Sdq is then found from the preceding equation. 
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151, The problem may now be stated thus. 
Find the value of p from the equation 
aSBp +4,S8,p+...=2.aSBp =y, 
where a, 8, a,, B,,...y are given vectors. 

The most general form of the left-hand member requires but 
three distinct or independent terms. These, however, in con- 
sequence of the form of the expression, involve scalar constants 
only; since the whole can obviously be reduced to terms of the 
forms AiSip, BiSjp, CjSjp, &c. and there are only nine such forms. 
In fact we may write the most general form either as 

wWap + 7SBp + kSyp, 
or as a,Sip + B,Sjp + y,Skp, 
according as we arrange it by the vector, or by the scalar, factors 
of the several terms. But the form 
aSBp + 4,SB,p + a Srp, 
is that which, as committing us to no special system of vectors of 
reference, is most convenient for a discussion of its properties. 
If we write, with Hamilton, 


Bee tahoe 5. 13. ka wht Ment (1), 
the given equation may be written 
bp =% 
or P= - 


and the object of our investigation is to find the value of the 
inverse function ¢”. 
It is important to remark that the definition (1) shews ¢ to be 
distributive, so that 
b (p +o) = dp + de. 


A particular case of this is 


; f (xp) = xp, 
where @ is a scalar. 
Also, by the statement above, it is clear that ¢, in its most 
general form, essentially involves nine independent scalars. 


152. We have seen that any vector whatever may be expressed 
linearly in terms of any three non-coplanar vectors. Hence, we 
should expect @ priori that a vector such as Pfdp, or ¢$’p, for 
instance, should be capable of expression in terms of p, dp, and 


2 


[This is, of course, on the supposition that p, dp, and ¢’p are 
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not generally coplanar. But it may easily be seen to extend to 
that case also. For if these vectors be generally coplanar, so are ¢p, 
¢’p, and ¢$'p, since they may be written o, ¢e, and ¢’c. And thus, 
of course, ¢’p can be expressed as above. If ina particular case, 
we should have, for some definite vector p, pp =gp where g is a 
scalar, we shall obviously have ¢’p = g’p and ¢°p =g’p, so that the 
equation will still subsist. And a similar explanation holds for 
the particular case when, for some definite value of p, the three 
vectors p, op, ¢’p are coplanar. For then we have an equation of 
the form 
bp = Ap + Bop, 
which gives ’p = Agp + Bd'p 
= ABp +(A +B) dp, 
so that ¢’p is in the same plane. | 
If, then, we write 


— Ppp=ap+ygp+ EAD Diss siuleiesiat oe a era oe (1), 
and bear in mind the distributive character of the operator ¢, 7 is 
evident (if only ex absurdo) that x, y, z are quantities independent 
of the vector p. 

[The words above, “it is evident,’ have been objected to by 
more than one correspondent. But, on full consideration, I not 
only leave them where they are, but put them in Italics. For 
they are, of course, addressed to the reader only; and it is to be 
presumed that, before he reaches them, he has mastered the 
contents of at least the more important previous sections which 
bear on this question, such as § 23,151. If, with these sections 
in his mind, and a homogeneous linear equation such as (1) before 
him, he does not see the “evidence,” he has begun the study of 
Quaternions too soon. <A formal demonstration, giving the values 
of x, y, Z, will however be found in §§ 156—9 below.] 

If any three vectors, as 7, j, k, be substituted for p, they will in 
general enable us to assign the values of the three coefticients on 
the right side of the equation, and the solution of the problem of 
§151 is complete. For by putting }“p for p and transposing, the 
equation becomes 

— ab 'p = yp + 2bp + op ; 
that is, the unknown inverse function is expressed in terms of 
direct operations. Should w vanish, while y remains finite, we 
must substitute ¢“p for p, and have 


— Yh "p= 2p + dp; 
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and if « and y both vanish 
— 2h 'p =p. 
[We may remark here that it is in general possible to determine 
x, y, 2 by putting one known vector for p in (1). The circumstances 
in which some particular vector does not suffice will be clear from 
the theory to be given below.] 


153. To illustrate this process by a simple example we shall 
take the very important case in which ¢ belongs to a central 
surface of the second order ; suppose an ellipsoid; in which case it 
will be shewn (in Chap. IX.) that we may write 

pp = — wiSip — b*)Sjp — ’kSkp, 
where 7, j, k are parallel to the principal diameters, and the semi- 
lengths of these are 1/a, 1/b, 1/c. 
Here we have 
gi = ai, Pi= ot, pu = a, 
o=0}, gay, gad 
ok = ck, p= c'k, Pie= OK, 

Hence, putting separately 7, 7, & for p in the equation (1) of 

last section, we have 
—-@=x2+ ya'+ 2a’, 


—BP=xr+ yb’ + 2b, 
—C=a+ yc? + 20°. 
Hence a’, b’, c’ are the roots of the cubic 
Spar + yf Pa = 0, 
which involves the conditions 
z=—(¢#+0'?+C’), 
y = a’b? + Bc? + ca’, 
a=—ab’e’. 
Thus, with the above value of ¢, we have 
bp =a'l'c'p — (a°l? + bc’ + ca’) pp + (a? +O + c*) pp. 
154. Putting ¢7o in place of p (which is any vector what- 


ever) and changing the order of the terms, we have the desired 
inversion of the function ¢ in the form 


abvedic=(al +b +ca)o—(e +b +0) bot p’o, 


where the inverse function is expressed in terms of the direct 
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function. For this particular case the solution we have given 
is complete, and satisfactory; and it has the advantage of pre- 
paring the reader to expect a similar form of solution in more 
complex cases. 


155. It may also be useful as a preparation for what follows, 
if we put the equation of § 153 in the form 
0=0(p)=f'p-(W4+ 0? +0’) fp + (Wb? +0’ + ca") dp — a*bic’p 
— {p> — (a+ 0+’) pr+ (ab? + DiGees Ca") co) — a’b*c?} p 
={(p—a*) (P— 0) (P—E*)) p | tau ie tava scsen ueweeneens (2). 
This last transformation is permitted because (§ 151) ¢@ is com- 
mutative with scalars like a’, ie. ¢ (a’p)=a’dp. The explanation 
of its meaning must, however, be deferred to a later section. 
(Sod 7) 
Here we remark that the equation 
V.pgp=0, or dp=gp, 
where ¢@ is as in §153, and g is some undetermined scalar, is 
satisfied, not merely by every vector of null-length, but by the 
definite system of three rectangular vectors At, Bj, Ck whatever 


be their tensors, the corresponding particular values of g being 
OD cs, 
156. We now give Hamilton’s admirable investigation. 


The most general form of a linear and vector function of a 
vector may of course be written as 


gp = =V. apr, 
where g and r are any constant quaternions, either or both of which 
may degrade to a scalar or a vector. 


Hence, operating by S.c where o is any vector whatever, 
Sodp =SoXV.qpr=SpzV.raq = Spd'o 

if we agree to write po =2V.raq, 
and remember the proposition of § 88. The functions ¢ and p’ 


are thus conjugate to one another, and on this property the whole 
investigation depends. 


157. Let 2, w be any two vectors, such that 
bp = Vr. 
Operating by S.» and S. uw we have 
SrApp=0, Sup =0, 
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But, introducing the conjugate function ¢’, these become 
Spf'’=0, Sph'u=0, 
and give p in the form mp =V¢’r¢'z, 


where m is a scalar which, as we shall presently see, is independent 


of X, mw, and p. 
But our original assumption gives 
p=" Vrp; 
hence we have ep VA = Vib A je? si cee. cscs Weeonv (2), 


and the problem of inverting ¢ is solved. 
It remains to find the value of the constant m, and to express 
the vector 
VOrAP'p 
as a function of V Xp. 


158. To find the value of m, we may operate on (2) by S. ¢'y, 
where y is any vector not coplanar with » and y, and we get 
mS. fvg VaAp=mS.vdh"VrAw (by (1) of § 156) 
=mS .rAuv =S. fh rd'ud’y, or 
—  S.f rAp'ud'v 
m= RG Wee Winraie ls civic Sse esip ee eileen (3). 
[That this quantity is independent of the particular vectors 
r, #4, v is evident from the fact that if 
N=ary+ yea, p=artyptey, and v=ad+yu+2y 
be any other three vectors (which is possible since X, w, v are not 
coplanar), we have 
PN =ad'r+ yp ut 2$'v, &c., &e. ; 
from which we deduce 


S , Pr'b'u'd'v' = Vb y z 8. p'r¢'ud'y, 


and S.Npv=|e2 y 2/S.dpy, 
a, W a, 

a, Yo 2, 
so that the numerator and denominator of the fraction which ex- 
presses m are altered in the same ratio. Hach of these quantities 
is in fact an Invariant, and the numerical multiplier is the same 
for both when we pass from any one set of three vectors to another. 


acy 8 
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A still simpler proof is obtamed at once o writing \ + ap for X 
in (3), and noticing that neither numerator nor denominator is 


altered. | 


159. We have next to express 
Vprd'u 
as a function of VAw. For this purpose let us change ¢ to ¢—g, 
where g is any scalar. It is evident that ¢’ becomes ¢’ —g, and 
our equation (2) becomes 


m, (p—g) Vru=V(p'-g)(P —g) BS 
= Vp rgiu—gV (p' Xu +rP'u) + GV Apu, 
=(mp'—gy +9°)VAp, suppose. 
In this equation (see (8) above) 


S.(P-DrAGP-9 eG -g 
S.Apv 


=I — MG + IM: Gm Ge rcscius swears s-sann sae ay 


WN 


is what m becomes when ¢ is changed into its g; m, and m, being 
two new scalar constants whose values are 


S08 n dy tu gingr+u$rd'n) 


m 


ie S. py 
mm, =D AEP Yt WY PATA PH) | 
S. Av 


If, in these expressions, we put \ + for X, we find that the terms 
in @ vanish identically; so that they also are invariants. 

Substituting for m,, and equating the coefficients of the 
various powers of g after operating on both sides by #—g, we 
have two identities and the following two equations, 


M=Ph+X, 
= py ab mop. 

[The first determines y, and shews that we were justified in 
treating V (f+ Adz) as a linear and vector function of V. Ap. 
The result might have been also obtained thus, 

S.AXVAB=S. APA W=—S.AUHA=—S.ASV Ap, 
S.pyVrw=S.prd'p=—S. whV ru, 
S.vyVAw=S. (vd w+ vrAd'p) 

=m, Sry —S.rApd’v 

=S,v (m,VrAw— pVAp); 
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and all three (the utmost generality) are satisfied by 
X =m, — $.] 
160. Eliminating y from these equations we find 


=  (m,— ) + mg, 
or WA OPM — 9D rons ve senc cons avueiessnse (5), 
which contains the complete solution of linear and vector equa- 
tions. 


161. More to satisfy the student as to the validity of the 
above investigation, about whose logic he may at first feel some 
difficulties, than to obtain easy solutions, we take a few very 
simple examples to begin with: we treat them with all desirable 
prolixity, as useful practice in quaternion analysis; and we append 
for comparison easy solutions obtained by methods specially 
adapted to each case. The advanced student need therefore pay 
but little attention to the next ten sections. 


162. Kxample J. 


Let dp = V.apB=y¥. 
Then ¢’p= V.B8pa= dp. 


1 
Hence m= Sa S(V.arB V. auB V. av). 


Now 2, #, v are any three non-coplanar vectors; and we may 
therefore put for them a, f, y, if the latter be non-coplanar. 
With this proviso 


m= == S(a’B.aB’. V. ay) 


= a? 8? SaB, 
m=) S(a.a8?. V.ayB +0°8.8.V.ay8 +28. af.) 
1 S.aBy 
=—a'p, 
m= age S08 ViayB+a°B.B.yt+a.a8’.y) 
=— Saf. 
Hence we have by (5) above 
a B’SaB.d ty =aB'SaP .p =— a°B’y +Sa8 V. meh +V.a(V. ayB) B, 


which is one form of solution, 
8—2 


116 QUATERNIONS. [163. 


By expanding the vectors of products we may easily reduce it 
to the form 
a? B?Sa8.p=—a°By + a8*Say + Ba’SBy, 
a? Say + 8" SBy —¥ 
or p= SaB 


163. To verify this solution, we have 
Varo vas (ENS BS 
which is the given equation. 


164. An easier mode of arriving at the same solution, in this 
simple case, is as follows :— 


Operating by S.a and 8.8 on the given equation 


V .apB =y, 
we obtain a°*S8p = Say, 
B’Sap = SBy ; 
and therefore aSBp =a Sar, 
(Sap = 8 SBy. 


But the given equation may be written 
aSBp — pSaB+ BSap=y. 
Substituting and transposing we get 
pSaB =a Say + BSBy —¥, 

which agrees with the result of § 162. 

[Note that, at first sight, one might think that the value of p 
should have a term with an arbitrary scalar factor added. But the 
notation p is limited to a vector. Had the equation been written 


V.aqB=y¥ 


aqB=a+y, or g=aa*B*+a'yB8". 
But because g is to be a vector 
Sq=0, or eSaB+S.ayB=0; 


and, with this value of w, the expression for q takes the form given 
above for p.] 


we should have had 


165. If a, 8, y be coplanar, the above mode of solution is 
applicable, but the result may be deduced much more simply. 

For (§ 101) S.ay=0, and the equation then gives S.a8p =0, 
so that p also is coplanar with a, B, ¥. 
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Hence the equation may be written 
aph=y, 
p=a'yB"; 
and this, being a vector, may be written 
=a "Shy + B*Say — ySa7e7. 
This formula is equivalent to that just given, but not equal to 


it term by term. [The student will find it a good exercise to 
prove directly that, if a, 8, y are coplanar, we have 


I ie iF E - = 
Sap (a*Say + BUSBy — 7) = a SB ty + BSa ty — ySa*B7] 


and at once 


The conclusion that 


S.a8p =0, 
in this case, is not necessarily true if 
SaB=0. 


But then the original equation becomes 
aSBp + BSap=y, 
which is consistent with 


oe apy =(6) 
This equation gives 
| Sary Saf | Bey SaB | 
2 Q2 2 
ry (aR? — —S'aP)=a | SBry B*| \+8 Say ed ? 


by comparison of which with the given equation we find 

Sap and S£p. 
The value of p remains therefore with an indeterminate vector 
part, parallel to a8; i.e. it involves one arbitrary scalar. 


166. Hzample II. 


Let ¢p = V.a8p=y¥. 
Suppose a, 8, y not to be coplanar, and employ them as A, yp, v 
to calculate the coefficients in the equation for 6". We have 


S.opp=S.caBp=S.pV.caB=S. pd’o. 
Hence d'p=V.paB=V. Bap. 


We have now 


= tg S (Bat a8. V. Bay) = Mae 8. a8V. Bary 
=aB*SaB, 
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m= gag S(@-BaB. V. Bay + Bat. 8. V. 8ay+ Ba. B48.) 
=2 ae + a'p", 
S(a.B.V.Bay+a.BaB.y+ Ba’. B.¥) 


1 


S7 a 

=o Sa: 
Hence by (5) of §160 
eB’SaB.diy=a'R?SaP .p 

= (2 (SaB)? + a8’) y-—3S8aBV.aBy+ V.aBV.aBy, 

which, by expanding the vectors of products, takes easily the 
simpler form 
aB*SaB . p= a'B'y — aB*Say + 2B8aBSay Be SBy. 


167. To verify this, operate by V.a@8 on both sides, and we 
have 


a’B’SaBV.a8p = a’B°V. aBy—V. a8aB?Sayt+2aB8’SaBSay—aa’B*SBy 
= a’B” (aSBy — BSay + ySaB8) —(2aSaB — Ba’) B’Say 
+ 2a8?SaBSay — aa’ B’SBy 

= 038*Saf 9, 


or V.aBp=y. 


168. To solve the same equation without employing the 
general method, we may proceed as follows :— 
y= V.a8p=pSa84+V.V (ap) p. 

Operating by S. Va we have 

S.aBy=S.aBpSaB. 
Divide this by Sa8, and add it to the given equation. We thus 
obtain 

S. aBry 
y+ SaB = pSaB + V.V (a8) p+8.V (4B) p 

= (Sap + Vap) p, 

= ap. 
Hence p= a8 (y+ ed . 
a form of solution somewhat simpler than that before obtained. 


To shew that they agree, however, let us multiply by «6°Saf, 
and we get 


a’B*SaB. p= BaySaB + BaS .aBy. 
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In this form we see at once that the right-hand side is a vector, 
since its scalar is evidently zero (§ 89). Hence we may write 
aB*Saf.p = V. BaySaB — VaBS. aBry. 
But by (8) of § 91, 
—yS.aBVaB+aS.8(Va8)y+ BS. V (a8) ay+ VaBS. aby =0. 
Add this to the right-hand side, and we have 
a8*SaB . p =r (S28) —S.a8Va8) — a (Sa8SBy—S. 8 (VaB)) 
+ B (SaBSay +8. V (a8) ay). 
But ——(Sa8)'—S. a8 VaR = (Sap) — (Vag) =2°B’, 
SaBSBy —S. B (VaB8) y= SaBSBy — SBaSBy + B’Say = B’Sary, 
SaBSay+8.V (a8) ay = SaBSay + SaBSay — vSBry 
= 2SaBSary — a’SBy ; 
and the substitution of these values renders our equation identical 
with that of § 166, 
[If a, 8, y be coplanar, the simplified forms of the expression 
for p lead to the equation 
Sab. Baty =y—a" Say + 28Sa*B Say — B*SBy, 


which, as before, we leave as an exercise to the student.] 


169. Example III. The solution of the equation 
Vep=y 
leads to the vanishing of some of the quantities m. Before, how- 
ever, treating it by the general method, we shall deduce its solu- 
tion from that of 
V.aBp=y¥ 

already given. Our reason for so doing is that we thus have an 
opportunity of shewing the nature of some of the cases in which 
one or more of m, m,, m, vanish; and also of introducing an 
example of the use of vanishing fractions in quaternions. Far 
simpler solutions will be given in the following sections. 

The solution of the last-written equation is, § 166, 


a B’Sa8.p =a’ By —aB’Say — Ba’SBy + 2BSaBSary. 
If we now put aB=erte 


where e¢ is a scalar, the solution of the first-written equation will 
evidently be derived from that of the second by making e gradually 
tend to zero. 
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We have, for this purpose, the following necessary transforma- 
tions :— 


vB=aB K.aB=(e+e) (e-e) =e—-&, 
a8’ Say + BaSBy = a8. BSay + Ba. aSBy, 
= (e+ e) BSay + (e—€) aSBy, 
=e (BSay+ aSBy) + eV. yVap, 
=e (BSay + aSBry) + eVye. 
Hence the solution becomes 
(e? — e”) ep = (e? — &*) y — € (BSay + aSBy) — e Viye + 2eBSay, 
=(—&)y+eV.y VaB —eVye, 
=(e—&)y +eVyet+ ye’ — eye, 
=e’y + eVye — eSye. 
Dividing by e, and then putting e=0, we have 


Sye 
—ép= Vye—e&,( Ye). 
Now, by the form of the given equation, we sce that 
Sye = 0. 
Hence the limit is indeterminate, and we may put for it w, where 
x is any scalar. Our solution is, therefore, 
p=- ie +ae"; 

or, as it may be written, since Sye= 0, 


p=e(y+a), 
The verification is obvious—for we have 


ep=y+ a. 
170. This suggests a very simple mode of solution. For we 


see that the given equation leaves Sep indeterminate. Assume, 
therefore, 


Sep — 2 
and add to the given equation. We obtain 
ep=x+¥, 
or P= (ae) 


if, and only if, p satisfies the equation 


Vep =¥. 


171. To apply the general method, we may take e, y and ey 
(which is a vector) for dr, p, v. 
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We find fp = Vpe. 


Hence m=, 


1 ; 
Ore aah (e. ey. 8) ==, 


m, = 0. 
Hence —e'd+ ¢*=0, 
& 1 2 
or Pi = abt $0. 
ae 1 
That is, p=z Vey + we, 


=e 'y + ae, as before. 

Our warrant for putting we, as the equivalent of 670 is this :-— 

The equation g¢’a =0 
may be written V.eVer =0= ce’ — Nec. 

Hence, unless ¢ = 0, we have a || ¢ = ze. 

[Of course it is well to avoid, when possible, the use of expressions 
such as @*0 &c. but the student must be prepared to meet them ; 
and it is well that he should gain confidence in using them, by 
verifying that they lead to correct results in cases where other 
modes of solution are available. ] 


172. Hawample IV. As a final example let us take the most 
general form of ¢, which, as has been shewn in § 151, may be 
expressed as follows :— 

dp = aSBp + 4,S8.p + 4,SB,p = +. 
Here $’p = BSap + 8,Sa,p + 8,Sa,p, 
and, consequently, taking a, 4,, a, which are in this case non- 
pos vectors, for r, uw, v, We have 


aS =33 20,4, 
(aSua, seer ) 
De Pes Saa Saa Sa,a 
Be Son Saa, Sa,a, Sa,a, 
Saa, Sa,a, Sa,a, 
aaah sane: Sa,a + A,Sa,a), 
where A = Sa,a,Sa,a, — Sa,a,S2,0, 


=—S.Va,o,Va,a, 
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A, = Sa,a,Saa, — Saa,Sa,a, 
=—S.Va,aVa,a, 
A, = Saa,Sa,a, — Sa,a,Saa, 
=—S8.Vaa, Va,a,. 
Hence the value of the determinant is 
— (SaaS .Va,a,Va,a, + SaaS .Va,aVa,a, + SaaS .Vaa, Va,a,) 
=—8.a(Va,a,8 .aa,a,) {by § 92 (4)} =—(S. aa,a,)*. 
The interpretation of this result in spherical trigonometry is 
very interesting. (See Ex. (9) p. 90.) 
By it we see that 
m=—S.aa,a5.B8,8.. 
Similarly, 
1 uf Y 
Tia S.aa,4, S. [a (8Saa, a B,Sa,2, ar B,S2,4,) 
(BSaa, + B,Sa,a, + B,Sa,a,) + &e.] 
= ne: (S.aB88, (Saa,Sa,a, —Sa,a,Saa,) +...) 


Mm 


S.aa,a, 
= ang (5: 288,9. aV.a,Va,a, +...) 
os eae [S.a(VBBS.Vaa,Va,a, + VBS .Va,aVa,a, 


+ VB,BS .Va,o, Va,a,) 
+8S.a,(VBBS.Vaa,Vaa+...) 
+8S.a,(VBBS.Vaa,Vaa,+...)]; 


or, taking the terms by columns instead of by rows, 
1 
cae) [S. VOB, (aS. Vaa,Va,a,+aS.Vaa,Va,o+ aS .Vaa, Vaa,) 
edt om.ayat V2 oe ele ee 


== (S.VRB,(VaaS.aaa) +... . |, 


ie 
S. aaa, 


=—S(Vaa,VBB, +Va,o,V6,8, + Va,a Vee). 


Again, 
1 
Mm, = Sanaa S [aa, (BSaa, + 8,Sa,a, +...) +a,a (BSaa,+...) 
+a,a, (BSaa4 ...)], 
or, grouping as before, 
1 : 
= S[B (VaaSaz, + Va,aSaa, + Va,a,Saa) + ...], 


S. aa,2, 
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=z = S[B (aS. aaya,) + ...] (8 92 (4)), 
=S(a8+4,8,+4,8,). 
And the solution is, therefore, 
P'yS.aaa,S. BBB, = pS.aa,a,8. 88,8, 
= 725. Vaa,V EB, + py=SaB — $'y. 
[It will be excellent practice for the student to work out in 
detail the blank portions of the above investigation, and also to 


prove directly that the value of p we have just found satisfies the 
given equation. ] 


173, But it is not necessary to go through such a long process 
to get the solution—though it will be advantageous to the student 
to read it carefully—tor if we operate on the proposed equation by 


’ 4 
S.aa,, S.a,a, and S.aa, we get 


S.a,a,a88p =S. a,a,7, 
S. 2,44,S8,p =S.a,ary, 
S.aa,aSR,p =S. aay. 
From these, by § 92-(4), we have at once 
pS. aa,a,5.B8.8,= VEBS.aay+ VB,BS.a,0,y+ VBS. aay. 
The student will find it a useful exercise to prove that this is 
equivalent to the solution in § 172. 
To verify the present solution we have 
(aSBp + 4,S8,p + 4,SB,p) S.24,4,S. 82,8, 
=a8.6B,BS.4,4,7+4,8.8,8,88S. aay +a. 8,88 S. aay 


= 8S. BBB, (yS.2%,2,), by § 91 (3). 


174. It is evident, from these examples, that for special cases 
we can usually find modes of solution of the linear and vector 
equation which are simpler in application than the general process 
of § 160. The real value of that process however consists partly in 
its enabling us to express inverse functions of ¢, such as (¢—g)" 
for instance, in terms of direct operations, a property which will be 
of great use to us later ; partly in its leading us to the fundamental 


cubic 

$'—m,g' +mg—m=0, 
which is an immediate deduction from the equation of § 160, and 
whose interpretation is of the utmost importance with reference to 
the axes of surfaces of the second order, principal axes of inertia, 
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the analysis of strains in a distorted solid, and various similar 
enquiries. 

We see, of course, that the existence of the cubic renders it a 
mere question of ordinary algebra to express any rational function 
whatever of ¢ in a rational three-term form such as 

A+Bo¢+C¢’. 

In fact it will be seen to follow, from the results of §177 below, 
that we have in general three independent scalar equations of the 
form 

F(g)=A+Bg+ Cg’, 
which determine the values of A, B, OC without ambiguity. The 
result appears in a form closely resembling that known as 
Lagrange’s interpolation formula. 


175. When the function ¢ ts tts own conjugate, that is, when 
Sppo =Sodp 


for all values of p and o, the vectors for which 
(6-9) p=0 
form in general a real and definite rectangular system. This, of 
course, may 1n particular cases degrade into one definite vector, and 
any pair of others perpendicular to it; and cases may occur in 
which the equation is satisfied for every vector. 
To prove this, suppose the roots of 


m,=m—mg+m,g’ —g =0 
(§ 159 (4)) to be real and different, then 


bP, =9IsP1 
PP, = JPo 
PPs = IPs 


where p,, p,, p, are three definite vectors determined by the 
constants involved in ¢. 


Hence, operating on the first by Sp,, and on the second by Sp,, 
we have 


S. php, = 9,Sp,p,, 
S. p, Pp. = JSp,p.- 


The first members of these equations are equal, because ¢ is its 
own conjugate. 


Thus (N noe J») Sp,p, ae 0 > 
which, as g, and g, are by hypothesis different, requires 


Sp,p, = 0. 


i 
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Similarly Sp.p,=0, Sp,p,=0. 


If two roots be equal, as g,, g,, we still have, by the above proof, 
Sp.p, = 9 and Sp,p,=0. But there is nothing farther to determine 
p, and p,, which are therefore any vectors perpendicular to p,. 

Tf all three roots be equal, every real vector satisfies the equation 


(@-g) p=0. 


176. Next as to the reality of the three directions in this 
case. 


Suppose g+h¥V—1 to be a root, and let p+oV—1 be the 
corresponding value of p, where g and h are real numbers, p and 


real vectors, and V —1 the old imaginary of algebra. 

Then d(ptaV—1)=(g+hV¥ —1)(p+aV-1), 

and this divides itself, as in algebra, into the two equations 

bp = gp — he, 

go =hp+ge. 
Operating on these by S.o, S.p respectively, and taking the 
difference of the results, remembering our condition as to the 
nature of ¢ 

Sopp = Spo, 
we have h(o? + p’)=0. 

But, as o and p are both real vectors, the sum of their squares 
cannot vanish, unless their tensors separately vanish. Hence h 
vanishes, and with it the impossible part of the root. 

The function ¢ need not be self-conjugate, in order that the 


roots of 
m, =0 


may be all real. For we may take g,, g,, g, any real scalars, and 
a, 8, y any three real, non-coplanar, vectors. Then if ¢ be such that 


S.aBy. dp =g,aS.Pyp + 9,88 . yap + gS. «Bp, 
we have obviously 
(P—9,) 2=0, (P—g,) B=0, (6-9) y= 9. 

Here ¢ is self-conjugate only if 4, 8, y form a rectangular 
system. 

177. Thus though we have shewn that the equation 

g-—mg +mg—-m=0 

has three real roots, in general different from one another, when ¢ 
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is self-conjugate, the converse is by no means true. This must be 
most carefully kept in mind. 
In all cases the cubic in ¢ may be written 


(b —9,) (b— Gs) (P— Gg) = Oeveereeeeererceese (1), 


and in this form we can easily see its meaning, provided the values 
of gare real. For there are in every such case three real (and in 
general non-coplanar) vectors, p,, p», p; for which respectively 


(b—-91) P: =9, (> — 92) ps = 9, (Pag) ps= 9: 
Then, since any vector p may be expressed by the equation 


PS. P,PsPa= PS. p.psp + py spp + p.S- pipsp (§ 91), 

we see that when the complex operation, denoted by the left-hand 
member of the symbolic equation, (1), is performed on p, the 
first of the three factors makes the term in p, vanish, the second 
and third those in p, and p, respectively. In other words, by the 
successive performance, upon a vector, of the operations 6—J,, — 9, 
¢ —g, it is deprived successively of its resolved parts in the direc- 
tions of p,, p,, p, respectively; and is thus necessarily reduced to 
ZeYO, SINCE Py P,» p, are (because we have supposed g,, g,, g, to be 
distinct) distinct and non-coplanar vectors. 


178. If we take p,, p,, p, as rectangular wnit-vectors, we have 


— p =p,Sp,p + p,Sp.p + p,Sp.p, 
whence pp = — 9:PSp,p — JpSpop rl, IPs PsP ) 
or, still more simply, putting 7,7, k for p,, p., p,, we find that any 
self-conjugate function may be thus expressed 


dp =— g,Sip — 9,.jSI7p — ggkSkp..........e.eee (2), 
provided, of course, 7, 7, k be taken as the roots of the equation 
Vodp = 0. 


A rectangular unit-vector system requires three scalar quan- 
tities, only, for its full specification. g,, g,, g, are other three. 


Thus any self-conjugate function involves only sta independent 
sealars. 


179. A very important transformation of the self-conjugate 
linear and vector function is easily derived from this form. 

We have seen that it involves, besides those of the system #, Wake 
three scalar constants only, viz. g,, g,, J, Let us enquire, then, 
whether it can be reduced to the following form 


pp=fpthV. (i+ ek) p (im eh).cccccccccesee, (3), 
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which also involves but three scalar constants f, h, e, in addition to 
those of 7, j, k, the roots of 
Vodp = 0. 
Substituting for p the equivalent 
p=— wip — 7Sjp — kSkp, 
expanding, and equating coefficients of 7, j, & in the two expressions 
(2) and (8) for ¢p, we find 
I =f— h d <9 é"); 
Io =f+ h (1 ae e’), 
: I=fth(l +e). 
These give at once 
al CP = %,) = 2h, 
ex (9.—9s) = 2eh. . 
Hence, as we suppose the transformation to be real, and therefore 
e’ to be positive, it is evident that g,—g, and g,—g, have the same 
sign ; so that we must choose as auxiliary vectors in the last term 
of dp those two of the rectangular directions 7, 7, k for which the 
coefficients g have respectively the greatest and least values. 
We have then 


ga IIs 
I:—- Ie 
h=—}4 (W, = 5)) 
and F=4 (9,495): 


180. We may, therefore, always determine definitely the 
vectors A, 4, and the scalar f, in the equation 


bp = Jp + V.Xpp 
when ¢ is self-conjugate, and the corresponding cubic has not equal 
roots; subject to the single restriction that 
T drm 

is known, but not the separate tensors of X and w. This result is 
important in the theory of surfaces of the second order, and in that 
of Fresnel’s Wave-Surface, and will be considered in Chapters IX. 
and XII. 


181. Another important transformation of ¢ when self- 
conjugate is the following, 
dp = aaVap + bBSBp, 
where a and 0 are scalars, and a and § unit-vectors. This, of 
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course, involves six scalar constants, and belongs to the most 
general form 
bp Fe 9,PSp.P ae JoP IS PoP as IsPsSPsP> 

where p,, p,, Pp, are the rectangular unit-vectors for which p and dp 
are parallel. We merely mention this form in passing, as it 
belongs to the focal transformation of the equation of surfaces of 
the second order, which will not be farther alluded to in this work. 
It will be a good exercise for the student to determine a, 8, a and 
b, in terms of 9, Jo» Js, ANd P,; Pos Ps- 


182. We cannot afford space for a detailed account of the 
singular properties of these vector functions, and will therefore 
content ourselves with the enuntiation and proof of one or two of 
the more important. 


In the equation mp*VrAw= Vod/Ad'y (§ 157), 
substitute » for d’A and w for du, and we have 
mV dp rp’ = PVAm. 
Change ¢ to ¢—g, and therefore ¢’ to ¢’—g, and m to m,, we have 
mV (p'— gy" (b —g)"H=(b—g) Vrps 
a formula which will be found to be of considerable use. 
183. Again, by § 159, 
m Wg sy A 
as me) ae p —Spxp + gp’. 


Similarly o S.p(@—h)'p= 7 Spd 'p — Spxp + hp’. 

Hence 
m _ M, Z mSp¢ ‘p) 
LE me ee Cag CV ate l. 5) oy CST UY 
TS.0 (bg) —ES-p (b—HY"p = (9-1) |p" — Fh 

That is, the functions 


m 2 m a 
noe (p—-g)"p, and > *S.p(p—h)"p 
are identical, i.e. when equated to constants represent the same series 
of surfaces, not merely when 
G=—nh, 


but also, whatever be g and h, if they be scalar functions of p which 
satisfy the equation 


mS. pp 'p = ghp’. 
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This is a generalization, due to Hamilton, of a singular result ob- 
tained by the author*, 


184. It is easy to extend these results; but, for the benefit of 
beginners, we may somewhat simplify them. Let us confine our 
attention to cones, with equations such as 

i p(d Ca h)'p = 0,| ed 
These are equivalent to mSp"'p—gSpyp+g'p'=0, 


mSpd'p —hSpyp +h’p?=0. 
Hence 


m (1 —«) Sppp —(g —ha) Spyp + (9° — ha) p? =0, 
whatever scalar be represented by z. 
That is, the two equations (1) represent the same surface if this 
identity be satisfied. As particular cases let 
(1) #=1, in which case 
—Spypt+gt+h=0. 


(2) g—hx=0, in which case 
mf) Sr'sror(¢—ef)en 
or mSp'p'p —gh=0. 


(yo a= z , giving 


—m(1 - Z,) Spp'p + (9 ng) Spxp = 0, 
or —m (h + 9) Spd "'p + ghSpxp = 0. 


185. In various investigations we meet with the quaternion 


= APA + BOB + YPY-vcererserereeenennes (1), 
where a, 8, y are three unit-vectors at right angles to each other. 
It admits of being put in a very simple form, which is occasionally 
of considerable importance. 

We have, obviously, by the properties of a rectangular unit- 


system 


q=By ba + yapB + aby. 
S.aBy=—1 G71 (18), 


* Note on the Cartesian equation of the Wave-Surface. Quarterly Math. J ournal, 
Oct. 1859. 
Out, 9 


As we have also 
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a glance at the formule of § 159 shews that 
Sq=—m,, 
at least if be self-conjugate. Even if it be not, still (as will be 
shewn in § 186) the term by which it differs from a self-conjugate 
function is of such a form that it disappears in Sq. 
We have also, by § 90 (2), 
Vq = 4 (SBby — Sy) + B (Spa — Sady) + (Sap8 — SBG) 
= aSB ( — $')y + BSy ($ — $') & + ySa (P— $) B 
= a8. Bey+ BS.yeatyS.ae8 (§ 186) 
= — (aSae + BSBe + ySye) =e. 
[We may note in passing that the quaternion (1) admits of 
being expressed in the remarkable forms 


Vop, or K.(V)p; 
where (§ 145) Vaart Reta 


and p=ae+ By + yz. 
We will recur to this towards the end of the work.] 

Many similar singular properties of ¢ in connection with a rect- 
angular system might easily be given; for instance, 
VaVpPdy + BVdyha + yV GaP) 

= mV (ap a+ Bb’ 78 + yh" ty) = mV.V dp = de; 

which the reader may easily verify by a process similar to that just 
given, or (more directly) by the help of § 157 (2). A few others 
will be found among the Examples appended to this Chapter. 


186. To conclude, we may remark that, as in many of the 
immediately preceding investigations we have supposed ¢ to be 
self-conjugate, a very simple step enables us to pass from this to 
the non-conjugate form. 


For, if ¢' be conjugate to ¢, we have 
Sp#'c = Sop, 

and also Spdo = So¢d’p. 

Adding, we have 

Sp (b+ $') 7 =So ($+ ¢’) p; 

so that the function (¢ + ¢’) is self-conjugate. 

Again, Sedp = Sp¢'p, 
which gives Sp (o— ¢’) p=0. 
Hence (b — ¢’) p= Vep, 


— 
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where, if ¢ be not self-conjugate, e is some real vector, and 


therefore 
pp=3(P+h)p+4t(h—-$')p 
=Mb+ 4") p+ 4Vep. 
Thus every non-conjugate linear and vector function differs from 
a conjugate function solely by a term of the form 
Vep. 
The geometric signification of this will be found in the Chapter on 
Kinematics. 
The vector ¢ involves, of course, three scalar constants. Hence 
(§§ 151, 178) the linear and vector function involves, in general, nine. 


187. Before leaving this part of the subject, it may be well 
to say a word or two as to the conditions for three real vector 
solutions of the equation 

Vodp =0. 


This question is very fully treated in Hamilton’s Hlements, and 
also by Plarr in the Trans. R. S. Z. For variety we adopt a semi- 
graphic method*, based on the result of last section. By that 
result we see that the equation to be solved may be written as 

DP =P FP VE Woes gesenssresrsesensnese (1) 
where @ is a given self-conjugate function, e a given vector, and 
an unknown scalar. 

Let a,, a, a, and 9,, g,, 9, (the latter taken in descending order 


of magnitude), be the vector and scalar constants of a, so that 


177 
ou (o —g,) 4, = 0, &e. 


We have obviously, by operating on (1) with S.a, &c., three 
equations of the form 
Sp {(g, —&) &, — Veo,} =O.....sssccreessecneee (2). 
Eliminating p (whose tensor is not involved) we have 
S (9, = a) > Vea,} (CA ia @) ome Vea} {Ys — «) = Vea,} = 0, 
or (a — 9,)(@—g,) (@ — g,) — ve + See = 0.0... (3). 
From each value of # found from this equation the corre- 
sponding value of p is given by (2) in the form 
pil V {(g,—#) 4, — Vea} {(9,— ©) 2, — Vea,}, 
I (9, —2) (9, — 2) @, + (9g —#) %/Sa,¢ — (9, — #) 2,8a,¢— Ste, 
il (9, —2) (9, —&) 4, + Va, (w — x) e — eSa,¢. 
* Proc. R. S. E., 1879—80. 
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The simplest method of dealing with (3) seems to be to find the 
limiting value of Ve, Ue being given, that the roots may be all real. 
They are obviously real when Ze=0. It is clear from the pro- 
perties of o that the extreme values of —S. Uew Ue (which will be 
called &) are g, and g,. 

Trace the curve 


Bee (x - 9:) (w a 92) (@ —9)> 
and draw the (unique) tangent to it from the point «= & y=0, 
£ having any assigned value from g, to g,. Let this tangent make 
an angle —@ with the axis of w. Suppose a simple shear to be 
applied to the figure so as to make this tangent turn round the 
point & 0, and become the @ axis, while the y axis is unchanged. 
The value of y will be increased by (x — &) tan @. Comparing this 


with (3) we see that tan @ is the desired limiting value of (Te)’. 


188. We have shewn, at some length, how a linear and vector 
equation containing an unknown vector is to be solved in the most 
general case; and this, by § 150, shews how to find an unknown 
quaternion from any sufficiently general linear equation containing 
it. That such an equation may be sufficiently general it must 
have both scalar and vector parts: the first gives one, and the 
second three, scalar equations ; and these are required to determine 
completely the four scalar elements of the unknown quaternion. 


Thus LEG 
being but one scalar equation, gives 
q=aur 
where 7 is any quaternion whatever. 
Similarly Sq=a 
gives q=a+8, 


where @ is any vector whatever. In each of these cases, only one 
scalar condition being given, the solution contains three scalar in- 
determinates. A similar remark applies to the following : 


TVq=a 
gives q=a2+a0; 
and SUq = cos A, 
gives qg= 204", 


in each of which @ is any scalar, and @ any unit vector. 
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189. Again, the reader may easily prove that 


ViaVoe 8; 
where @ is a given vector, gives, by putting Sq =a, 
Vaqg=8 + «a, 
Hence, assuming Saq =y, 
we have ag=y+aat+P, 
or qgq=u+yat+a's. 


Here, the given equation being equivalent to two scalar con- 
ditions, the solution contains two scalar indeterminates. 


190. Next take the equation 
Vag =8. 
, we get 
Sq = Sap, 
so that the given equation becomes 
Va(Sa"8 + Vq)=B8, 
or VaVq = —aSa"B =aVa'Z. 
From this, by § 170, we see that 
Va=a"(a+aVa"p), 
whence gq =Sa7*B+a? (a#+aVa'p) 
=a" (B+2), 
and, the given equation being equivalent to three scalar conditions, 
but one undetermined scalar remains in the value of ¢. 
This solution might have been obtained at once, since our 
equation gives merely the vector of the quaternion aq, and leaves 


its scalar undetermined. 
Hence, taking x for the scalar, we have 


ag = Sag + Vaq 
=2+f. 


1 


Operating by S.a7 


191. Finally, of course, from 
aq = B, 
which is equivalent to four scalar equations, we obtain a definite 
value of the unknown quaternion in the form 


g=a7 8. 


192. Before taking leave of linear equations, we may mention 
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that Hamilton has shewn how to solve any linear equation con- 
taining an unknown quaternion, by a process analogous to that 
which he employed to determine an unknown vector from a linear 
and vector equation; and to which a large part of this Chapter has 
been devoted. Besides the increased complexity, the peculiar fea- 
ture disclosed by this beautiful discovery is that the symbolic 
equation for a linear quaternion function, corresponding to the cubic 
in $ of § 174, is a biquadratic, so that the inverse function is given 
in terms of the first, second, and third powers of the direct function. 
In an elementary work like the present the discussion of such a 
question would be out of place: although it is not very difficult to 
derive the more general result by an application of processes 
already explained. But it forms a curious example of the well- 
known fact that a biquadratic equation depends for its solution 
upon a cubic. The reader is therefore referred to the Elements of 
Quaternions, p. 491. 


193. As an example of the solution of the linear equation in 
quaternions, let us take the problem of finding the differential of 
the n™ root of a quaternion. This comes to finding dq in terms of 
dr when 

OP — Yr. 

[Here n may obviously be treated as an integer ; for, if it were 
fractional, both sides could be raised to the power expressed by the 
denominator of the fraction. ] 

This gives 

q” dg + q" “dq.qt...+dq.q"' = ¢ (dq) =dr....... (1), 
and from this equation dq is to be found; ¢ being now a linear 
and quaternion function. 

Multiply by g, and then into q, and subtract. We obtain 


q’dq — dq. q" =qdr—dr.q, 
or 2VO Ve" Vide =2 Vin Viqy Grate. eee (2). 


But, from the equation 


q=8q+ Va, 
we have at once Vr= Voz QV 4 
n.n—Il.n— 


where Q,=n(Sq)"*— oa 2 (Sg) (LV ig) + Bee. 
[The value of Q, is obvious from § 116, but we keep the 


present form. | 
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With this (2) becomes 
Q,V.VqVdq= V. VqVar, 
whence Q, Vdq = Vdr + aVq, 
« being an undetermined scalar. 
Adding another such scalar, so as to introduce Sdq and Sdr, we 


have 
Q89 = (YA AVG) AMT. ..ccrccesscsccecees (3). 


Substitute in (1) and we have 
Q,dr = nq" (y + @Vq) + $ (dr), 
or, by (3) again, 
Q,dr = nq" (Q,dq — dr) + $ (dr); 
so that, finally, 


1 1-n \ 
Q,dq =dr + a (OF de — Fes osceaseess (4). 


Thus dq is completely determined. 
It is interesting to form, in this case, an equation for ¢. This 
is easily done by eliminating dr from (4) by the help of (1). We 


thus obtain 
(p — ng") (6 -Q,) = 9. 


This might have been foreseen from the nature of ¢, as defined in 
(1); because it is clear that its effect on a scalar, or on a vector 
parallel to the axis of g (which is commutative with q), is the same 
as multiplication by ng""*; while for any vector in the plane of ¢ 


it is equivalent to the scalar factor Q,,. 
Tt is left to the student to solve the equation (1) by putting it 


in the form 
dr=p+qp¢ + ¢py'* +++ q pg 
OF dr —qdrg*=p-— pq", 
where p=dqq". 
The nature of the operator g( )q* was considered in § 119 
above. 


194, The question just treated involves the solution of a 
particular case only of the following equation :— 
DB (Q) Sa = Donec skein sade ven’ Ci); 


where a, a’, &c. are coplanar quaternions. 
Let q=r+p, 


136 QUATERNIONS. © [ 195. 


where 7 is a quaternion coplanar with the as, and p a vector in 
their plane. Then, for any a, 
1, = ar, 
while pa = Ka.p. 
Thus the given equation takes the form 

d (q) => (aa’).r+ aKa’). p, 
so that the functional equation becomes in its turn 

{@ — 3 (aa’)} {6 — 3 (aKa'y} =0. 


If « be the unit-vector perpendicular to the plane of the as, we 
have 
—b=aSab+aVab 


= — (Sb—aSab)+aVaVb, 
and the required solution is obviously 
g =(% aa’)* (Sb — aSab) — (2 aKa')* aVaV 0. 
In the case (§ 193) of the differential of the n™ root of a quaternion, 
8, we have 
Siae) =n, 
BAGH) = 25.5 et less ecuechess)s 

The last expression (in which, it must be noticed, the last term is 
not to be doubled when n is odd) is the Q, of the former solution, 
though the form in which it is expressed is different. It will 


be a good exercise for the student to prove directly that they are 
equal. 


195. The solution of the following frequently-occurring par- 
ticular form of linear quaternion equation 
aq+qb=c, 
where a, b, and ¢ are any given quaternions, has been effected by 
Hamilton by an ingenious process, which was applied in § 140 (5) 
above to a simple case. 


Multiply the whole by Ka, and (separately) into b, and we 
have 


T’a.q + Ka.qb = Ka.e, 


and a.qb+ qb’ = cb. 
Adding, we have 


q(T’a+b’ + 28a.b)= Ka.c+eb, 


from which q is at once found. 
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To this form any equation such as 
a'gb’ + cqd =e 
can of course be reduced, by multiplication by c and into b™. 
196. To shew some of the characteristic peculiarities in the 
solution of quaternion equations even of the first degree when they 
are not sufficiently general, let us take the very simple one 
ag = qb, 
and give every step of the solution, as practice in transformations. 
Apply Hamilton’s process (§ 195), and we get 
T’a.g = Ka. qb, 
qb* = aqb. 
These give q (T’a + B® — 2bSa) = 0, 
so that the equation gives no real finite value for g unless 
T’a +b’ — 2bSa = 0, 
or b=Sa+ BTVa, 
where 8 is some unit-vector. This gives Sa = Sb. 
By a similar process we may evidently shew that 
a=S8b+aT'Vb, 
a being another unit-vector. 
But, by the given equation, 


Ta= 1, 
or Sat+T’?Va=S%+T’Vb; 
from which, and the above values of a and 6, we see that we may 
write 
Sa Sb 
TVa = TVS = & Suppose: 


Thus we may write 
a=at+a,b=a+8, 
where a and 8 are unit-vectors. 
If, then, we separate q into its scalar and vector parts, thus 
g=uUtp, 
the given equation becomes 
(a + a) (w+ p) = (+ p) (A+B) .crecerecnseeee (1); 
Multiplying out we have 
u(a—B8)=pB8—4p, 
which gives S(a—B)p=0, 
and therefore p=Vy(a—8), 
where ¥ is an undetermined vector. 
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We have now 
u(a— B)=pB —ap 
= Vy(a—8).8—aVy (a— 8) 
= x (S48 +1) —(a— 8) SBy —y (1 + SaB) — (a— B) Say 
=—(4—B)S(4@+8)¥. 
Having thus determined wu, we have 
q=—-S(a+8)y+ Vy (a— 8), 
2qg=— (a+ B)y—-y(@+8)+y¥(@-8)—-G@-B)y¥ 
= — 2ay — 28. 
Here, of course, we may change the sign of y, and write the solu- 
tion of 
ag = qb 
in the form q=ay +8, 
where y is any vector, and 
a= UVa, B= UCVo. 
To verify this solution, we see by (1) that we require only to 
shew that 
ag = qB. 
But their common value is evidently 
—y+ayB. 
An apparent increase of generality of this solution may be 
obtained by writing 
q=ar+rB 
where 7 is any quaternion. But this is easily seen to be equiva- 
lent to adding to y (which is any vector) a term of the form #VaQ. 
It will be excellent practice for the student to represent the 


terms of this equation by versor-ares, as in § 54, and to deduce the 
above solution from the diagram annexed :— 


The vector of the intersection of the plane of q, with that of ag 
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and qb, is evidently symmetrically situated with regard to the 
great circles of a and b. Hence it is parallel to 


(a+ 8) VaB, ie. to a—B. 
Let y be any vector in the plane of a. 
Then qx y(B—a), 


ac ay +98, 
because Say = 0, and thus — ya = ay. 
Another simple form of solution consists in writing the equa- 
tion as 
a= gbq", 
and applying the results of §119, 


197. No general quaternion method of solving equations of 
the second or higher degrees has yet been found; in fact, as will be 
shewn immediately, even those of the second degree involve (in 
their most general form) algebraic equations of the sixteenth degree. 
Hence, in the few remaining sections of this Chapter we shall con- 
fine ourselves to one or two of the simpler forms for the treatment 
of which a definite process has been devised. But first, let us 
consider how many roots an equation of the second degree in an 
unknown quaternion must generally have. 

If we substitute for the quaternion the expression 

w+iwt+ jyt+kz (§ 80), 

and treat the quaternion constants in the same way, we shall have 
on development (§ 80) four equations, generally of the second 
degree, to determine w, x, y,z. The number of roots will therefore 
be 2* or 16. And similar reasoning shews us that a quaternion 
equation of the mth degree has m* roots. It is easy to see, how- 
ever, from some of the simple examples given above (§§ 188—190, 
&c.) that, unless the given equation is equivalent to four inde- 
pendent scalar equations, the roots will contain one or more 
indeterminate quantities. 


198. Hamilton has effected in a simple way the solution of 


the quadratic 
g=qa+b, 


or the following, which is virtually the same (as we see by taking 
the conjugate of each side), 
g=aqtb. 
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He puts g=}(at+tw-+p), 
where w is a scalar, and p a vector. 

Substituting this value in the first written form of the equation, 
we get 

a? +(w+p)* + 2wa + ap + pa= 2 (a? + wa + pa) + 46, 

or (w+p)+ap —pa=a’ + 4b. 

If we put Va=a, S(a?+ 4b) =c, V(a? + 4b) = 2y, this becomes 

(w+ p)'+2Vap=c + 2y; 

which, by equating separately the scalar and vector parts, may be 
broken up into the two equations 


w'+p’=c, 

V (w+ a)p=y. 
The latter of these can be solved for p by the process of § 168; or 
more simply by operating at once by S.a, which gives the value 


of S(w+a)p. If we substitute the resulting value of p in the 
former we obtain, as the reader may easily prove, the equation 

(w" — a”) (w* — cw? + y") — (Vay) = 0. 
The solution of this scalar cubic gives six values of w, for each of 
which we find a value of p, and thence a value of g. 

Hamilton shews (Lectures, p. 633) that only two of these values 
are real quaternions, the remaining four being biquaternions, and 
the other ten roots of the given equation being infinite. 

Hamilton farther remarks that the above process leads, as the 
reader may easily see, to the solution of the two simultaneous 
equations 

q+r=a, 
qr=—b,; 
and he connects it also with the evaluation of certain continued 
fractions with quaternion constituents. (See the Miscellaneous 
Examples at the end of this volume.) 


199. The equation gq’ =aq+qb, 
though apparently of the second degree, is easily reduced to the 
first degree by multiplying by, and into, g*, when it becomes 
l=q'‘atbq", 
and may be treated by the process of § 195. 
The equation 


V.q(a+ VBq) =0, 


200. | SOLUTION OF EQUATIONS. 14] 


where « and f are given vectors, is easily seen to require for a 
real (i.e. a non biquaternion) solution that g shall be a vector. 
Hence we may write it as 

V.p (a+ VBp)=0; 
whence, at once, 

a+ Vp = xp. 

Assume SBp=y, 
and we have 


—(y—4)=(@—£)p, 


or — (@+ 8) (y—@) = (2° — B?) p. 
The condition that p is a vector gives 
ay —SaB =0, 


so that the value of p, containing one scalar indeterminate, is 
-,/Sa 
pe) (=e —a) 
x 
To determine p completely we require one additional scalar 
condition. 
If we have, for instance, 
Syp =e, 
x is given by the cubic equation 


(0? — Bt) e= aay — PSP _ 9. ay, 


But if the condition be that p is a vector-radius of the unit 
sphere (a result which will be required below) we have the 
biquadratic 

Ea ime 

This gives two real values of a’, but they have opposite signs ; 

so that there are always two, and only two, real values of «. 


200. The equation gq" =aqb, 

where a and 6 are given quaternions, gives 

q (aqb) = (agb) 9; 
and, by § 54, it is evident that the planes of g and aqb must coin- 
cide. A little consideration (after the manner of the latter part 
of § 196) will shew that the solution depends upon drawing two 
arcs which shall intercept given arcs upon each of two great 
circles; while one of them bisects the other, and is divided by 
it in the proportion of m:1. The equation treated in § 196 is 
the special case of this when m= 1. 
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EXAMPLES TO CHAPTER V. 


1. Solve the following equations :— 
(a) V.apB= V.ay8. 
(b) ap8p = papp. 
(c) ap+pB=y¥. 
(d) S.aBp+ Sap —aVBp=y. 
(e) ptapB=a8. 
(7) opBp = pBpa. 


Do any of these impose any restriction on the generality of a and 6? 


2. Suppose p=mt+jy + kz, 
and — dp = aSip + bjSjp + ckSkp ; 
put into Cartesian coordinates the following equations :— 
(a) Top =1. 
(bt) Spgp=—1. 


(CO) S2p (Pie pp =A: 
(d) Tp=T. Up. 


3. If X, uw, v be any three non-coplanar vectors, and 
q= Vv .gdr+ Vor. put Vap. dp, 


shew that g is necessarily divisible by S. Apr. 
Also shew that the quotient is 


m, — 2, 


where Vep is the non-commutative part of dp. 
Hamilton, Elements, p. 442. 


4. Solve the simultaneous equations :— 


Sap =); 
(2) S.aphp = a 

Sap =(), 
© Shoo =o} 

Sap 0) 
(©) S.ocpxp = a 


SOLUTION OF EQUATIONS, 143 


beet gp = =BSap + Vrp, 
where r is a given quaternion, shew that 
m= (S.a,4,a,8.8,8,8,) + 3S (rVa,a,. VB,B,) + Sr=S8.aBr 
— (SarSBr) + SrT7’, 
and mo => (Va,a,8.8,8,0)+ 2V.aV(VBo.r)+ VorSr—VrSor. 
Lectures, p. 561. 


6. If [pq] denote pq —gp, 


(pqr) ‘ S.p [qr], 
[par] * (par) + [rq] Sp + [pr] Sq + [gp] Sr, 
and (pqrs) _,, S.p [qrs]; 


shew that the following relations exist among any five quaternions 
0 = p (qrst) + q (rstp) + r (stpq) +s (tpqr) +t (pqrs), 
and q (prst) = [rst] Spq — [stp] Srq + [tpr] Ssq — [prs] Stq. 
Elements, p. 492. 


7. Shew that if ¢, ~ be any linear and vector functions, and 
a, 8, y rectangular unit-vectors, the vector 


O=V (payat 8B + dyby) 
is an invariant. [This will be immediately seen if we write it in 
the form d= V. Vp, 


which is independent of the directions of a, 8, y. But it is good 
practice to dispense with V, when possible.] 


If pp = =Sfp, 
and Wp = 20, SE,p, 
shew that this invariant may be expressed as 
——Vnwet or 2Vn,FF,. 
Shew also that dy'p —Wvd'p = — VOp. 
The scalar of the same quaternion is also an invariant, and may be 
written as 


~ SES, SEE, 
= — Syyvet 
= —3,8n,$b, 
8. Shewthatif ¢p=aSap+PS8p + ySyp, 
where a, 8, y are any three vectors, then 
b pS. aby = 4,Sa,p + B,SB,p +7 Syp, 
where a, = Vy, &e. 
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9. Shew that any self-conjugate linear and vector function may 
in general be expressed in terms of two given ones, the expression 
involving terms of the second order. 

Shew also that we may write 


ptz=a(mt+a)+b (a+) (wt+y) +e(o+yy, 
where a, b, ¢, a, y, 2 are scalars, and @ and @ the two given func- 
tions. What character of generality is necessary in wand w? How 
is the solution affected by non-self-conjugation in one or both ? 
10. Solve the equations :— 
(a) g =5qt+10). 
(6) g =2q+%. 
(c) qag=bq+e. 
(dd) aq=qr=rb. 
11. Shew that pV Vdp =-—mVVOG"p. 


12. If ¢ be self-conjugate, and a, 8, y a rectangular system, 
S. VapaV BOB Vy dy = 0. 


13. gy and Wd give the same values of the invariants m, 
M,, Mz. 


14. If’ be conjugate to ¢, $¢’ is self-conjugate. 

15. Shew that ( Vad)’ + (VR0) + (Vy6)? = 26° 
if a, 8, y be rectangular unit-vectors. 

16. Prove that V’ (6-9) p =—pV’g + 2V9. 

17. Solve the equations :— 


(a) =a; 
o+xX=a,) 
Oey 


where one, or two, unknown linear and vector functions are given 
in terms of known ones. (Tait, Proc. R. 8. Z. 1870-71.) 


18. If ¢ be a self-conjugate linear and vector function, £ and 
two vectors, the two following equations are consequences one of 
the other, viz. :— 


es es 
S*.ESEPE 8? ndnb’y 
1ST OREO S 


S* ndndg'n 8°. EbEpE 


SOLUTION OF EQUATIONS. 145 


From either of them we obtain the equation 


SHEbn = 8". ESEG'E SS ndnd'n, 
This, taken along with one of the others, gives a singular theorem 
when translated into ordinary algebra. What property does it give 


of the surface 
S. pdpd’p = 1? [Lbid.] 
19. Solve the equation 
qaq = BaP. 


Shew that it has a vector solution, involving the trisection of an 
angle :—and find the condition that it shall admit of a real 
quaternion solution. 


20. Solve 
bqgaq = qbqa, 
and state the corresponding geometrical problem; shewing that 
when a and b are equal vectors, g is equal to each. 


21. Given ¢, a self-conjugate linear and vector function, and 
a vector e; find the cubic in w, where 


vp = dp + Vep. 


22. Investigate the simplest expressions for any linear and 
vector function in terms of given ones:—and point out what 
degree of generality is necessary in the latter. 

Why cannot the conjugate of a linear and vector function be 
generally expressed in powers of the function itself ? 


dp ARES be 10 


CHAPTER VI. 


SKETCH OF THE ANALYTICAL THEORY OF QUATERNIONS. 
(By Pror. CayYLey.) 


(a) Expression, Addition, and Multiplication. 


By what precedes we are led to an analytical theory of the 
Quaternion g=w+ix+jy+kz, where the imaginary symbols 
a,j, k are such that 


P=-1jf=—1,P=-l, jk=—-hj=i, bi=—th=j, j=—jigk. 


The Tensor Tq is =./w* +47 +7? +2, and 
1 
Jwtat+y+e 


which, or the quaternion itself when 7g =1, may be expressed in 
the form 


the Versor Uq is = 


-(w+iw t+ yy + kz), 


cos 6+ sin 8(ia+jb+kc) where a? +0?+c?=1; 
such a quaternion is a Unit Quaternion. The squared tensor 
w+ a°+ y?+2 is called the Norm. 
The scalar part Sq is=w, and the vector part Vq, or say a 


Vector, is=ia+jy+kz. The Length is=,/a’+y?+ 2", and the 


quotient aye (ia + jy +kz), or say a vector ta + jy + kz 
where 2+ y’+ 2 =1, is a Unit Vector. 

The quaternions w+ia+jy+hz and w—ix—jy—kez are said 
to be Conjugates, each of the other. Conjugate quaternions have 
the same norm; and the product of the conjugate quaternions is 


the norm of either of them. The conjugate of a quaternion is 


denoted by g, or Kq. 
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Quaternions q = w + iw + jy + ke, q =w' + ia’ + jy’ + he’ are 
added by the formula 
qty =wt+w'+i(et+ea')+ j(yty)+kh(e+2’, 
the operation being commutative and associative. 
They are multiplied by the formula 
qq = ww’ — ae’ — yy’ — 22 
+0 (wa’ + aw’ + yz’ — zy’) 
+7 (wy' + yw! + za’ — 2a) 
+k (we + zw’ + vy'—<2'y), 
where observe that the norm is 
na (w* + a? + 9? + 2) (w+ v7? + y? + 2) 
the product of the norms of q and q/. 
The multiplication is not commutative, q’q+qq'; but it is 
associative, qq'.q’ =q.qq" =qqq, &c. In combination with 
addition it is distributive, ¢(q’ +4”) =qq + qq", &e. 


(b) Imaginary Quaternions. Nullitats. 


The components w, #, y, z of a quaternion are usually real, 
but they may be imaginary of the form a + b./—1, where /—1 is 
the imaginary of ordinary algebra: we cannot (as in ordinary 
algebra) represent this by the letter 7, but when occasion requires 
another letter, say 0, may be adopted (the meaning, @ = /—1, being 
explained). An imaginary quaternion is thus a quaternion of the 
form (w+ Ow,) +7 (a + Ox,) +4 (y + Oy,) +k (z+ 62,), or, what is the 
same thing, if qg, g, be the real quaternions w+ w+ yy +t kz, 
W,+%v,+jy,+khz,, it is a quaternion ¢+6q,; this algebraical 
imaginary @=,/—1 is commutative with each of the symbols 
i,j,k: or, what comes to the same thing, it is not in general 
necessary to explicitly introduce 6 at all, but we work with the 
quaternion w+ i#+jy +kz, in exactly the same way as if w, x, y, 2 
were real values. A quaternion of the above form, q+ 6q,, was 
termed by Hamilton a “biquaternion” but it seems preferable to 
speak of it simply as a quaternion, using the term biquaternion 
only for a like expression g + 6g,, wherein @ is not the /=1 of 
ordinary algebra. 

It may be noticed that, for an imaginary quaternion, the squared 
tensor or norm w*+a*+y?+z2 may be =0; when this is so, the 
quaternion is said to be a “Nullitat”; the case is one to be 
separately considered, 


10—2 
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(c) Quaternion as a Matria. 


Quaternions have an intimate connection with Matrices. 
Suppose that 6, =,/—1, is the ./—1 of ordinary algebra, and in 
place of 2, 7, consider the new imaginaries @, y, 4 W which are 
such that 


x=4( 1-02), or conversely l= «#+4, 
y=2( j—%), 1 = 0 (x—w), 
2=4(—Jj— Ok), Ve 03) 
w=4( 1+ 6%), k=O(y+2); 


so that a, b, c, d being scalars, aw+by+cz+dw denotes the 
imaginary quaternion 

Lfat+d+(b—c)j} +4 {(—a+d)i+(—b—c)hk} 0. 
We obtain for a, y, z, w the laws of combination 

Cy eae 


, that is a =x, ey=y, 2z=0, ew=0 


Ss te eS 
Ses ¢©€ 


Se eo © & 
oy i @ eS 


and consequently for the product of two linear forms in (a, y, 2, w) 
we have 
(az + by+cz+dw)(va+b'y + ¢z+dw) 

= (aa’ + be’) a + (ab’ + bd’) y + (ca’ + de’) z + (cb’ + dd’) w; 
and this is precisely the form for the product of two matrices, viz. 
we have 

(a’, ¢’) @, d) 

GD. \:a', 0 |=... bie ay ee ede Do mahaee nas 
Cada, a’ | (end) # - ca’ +de’, cb’ + dd’ 
and hence the linear form a#+by+cez+dw, and the matrix 


a, 
Cao 
tion was established by the remark and footnote “ Peirce’s Linear 
Associative Algebra,” Amer. Math. Jour. t. 4 (1881), p. 182. 


may be regarded as equivalent symbols. This identifica- 


(d) The Quaternion Equation > AqB= C. 


In ordinary algebra, an equation of the first degree, or linear 
equation with one unknown quantity @, is merely an equation of 
the form a#=b, and it gives at once «=a, 
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But the case is very different with quaternions; the general 

form of a linear equation with one unknown quaternion q is 
A,qB, + A,qB, +...= 0, or say LAGB=C, 

where C and the several coefficients A and B are given qua- 

ternions. 

Considering the expression on the left-hand side, and assuming 
q=w+ie+ jy + kz, it is obvious that the expression is in effect of 
the form 

Swt+ar+Byt+yz 


+21 (w+ a+ By +y%,2) 
+7 (dw + 4,0 + Boy +%,2) 
+k (6,w+4,0+ By + 7,2), 
where the coefficients 6, a, 8, y &c. are given scalar magnitudes: 
if then this is equal to a given quaternion C, say this is 
A+ A, + IA, + KA,y 
we have for the determination of w, a, y, z the four equations 
Sw+axr+Byt+yz=A, 
bw+aec+Bytyz=%,, 
bw +aa+ Boy +y,2 =r,, 
§,w+a,0+ Boy + 7,2 =A, 
and we thence have w, «, y, z, each of them as a fraction with a 
given numerator, and with the common denominator 
a=... ww Bey |, 
4, By % 
8. a, Bay Ys 
ak a,, B,, Ys 
viz. this is the determinant formed with the coefficients 6, a, B, ¥, 


&e. Ofcourse if A = 0, then either the equations are inconsistent, 
or they reduce themselves to fewer than four independent 
equations. 

The number of these coefficients is = 16, and it is thus clear 
that, whatever be the number of the terms A,gB,, A,qB,, &c. we 
only in effect introduce into the equation 16 coefficients. A single 
term such as A,qB, may be regarded as containing seven coefficients, 
for we may without loss of generality write it in the form 


g(ltiat jb +hke) gl +id+jet+ kf), 


and thus we do not obtain the general form of linear equation 
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by taking a single term A,qB, (for this contains seven coefficients 
only) nor by taking two terms 4,7B,, A,qB, (for these contain 14 
coefficients only); but we do, it would seem, obtain the general 
form by taking three terms (viz. these contain 21 coefficients, 
which must in effect reduce themselves to 16): that is, a form 
A,qB,+4A,qB,+ A,B, 1s, or seems to be, capable of representing 
the above written quaternion form with any values whatever of the 
16 coefficients 8, a, 8, y &c. But the further theory of this reduc- 
tion to 16 coefficients is not here considered. 

The most simple case of course is that of a single term, say we 
have AgB=C: here multiplying on the left by A™* and on the 
right by B+, we obtain at once g= A CB". 


(e) The Nivellator, and its Matria. 


In the general case, a solution, equivalent to the foregoing, but 
differing from it very much in form may be obtained by means 
of the following considerations. 

A symbol of the above form }A( ) 8B, operating upon a 
quaternion gq so as to change it into >A (q) B, is termed by 
Prof. Sylvester a “Nivellator:” it may be represented by a single 
letter, say we have 6=2A( )B; the effect of it, as has just 
been seen, is to convert the components (w, x, y, z), into four linear 
functions (w,, #,, ¥,, 2,) which may be expressed by the equation 


(w,, UY» 2,) = 6, a, B, SY, (w, x, Y; z), 


oF a,, B,, ya 
on a, Bes Ve 
On a,, Sh Ys 


or say by the multiplication of (w, #, y, z) by a matrix which may 
be called the matrix of the nivellator; and the theory of the 
solution of the linear equation in quaternions thus enters into 
relation with that of the solution of the linear equation in 
matrices. 

The operation denoted by ¢ admits of repetition: we have for 
instance 
(A, ( yes, aA ) BP = AY ( ) Be ea ea Vas 

oy Ara, ( ) BB, a wally ( ) Des ) 

and similarly for more than two terms, and for higher powers. 

Considering $ in connexion with its matrix M, we have 
M? (w, x, y, 2) for the components of ¢°(q), M° (w, 2, y, 2) for 
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those of ¢°(q), and so on. Hence also we have the negative 
powers ¢", &c. of the operation ¢. The mode in which g* can 
be calculated will presently appear: but assuming for the moment 
that it can be calculated, the given equation is }(g)=C, that 
is we have g=¢*(C), the solution of the equation. 

A matrix M of any order Satisfies identically an equation of 


the same order: viz. for the foregoing matrix M of the fourth 
order we have 


6—-M, gz, B, ry 
85 a—-M, £., Y; 
a, a. By My, 
8, Qs; foe y,- WU 


viz. this is 
M* —eM*+fM*-—gM+h=0, 


where fh is the before mentioned determinant 


8, a 8, ¥ |, say this is, h=A, 
S65 at. ‘Boy; 
Aes (6.4 % 
Oy -%y Bey Ys 


M, in its operation on the components (w, a, y, 2) of g, exactly 
represents ¢@ in its operation on g: we thus have 


$' — ef’ + fH -—gp+h=0, 
viz. this means that operating successively with ¢ on the arbitrary 
quaternion Q we have identically 


* (Q) — ed? (Q) +? (@) — 9h (Q) +hQ=0; 
where observe that the coefficients e, f, g, h have their foregoing 
values, calculated by means of the minors of the determinant: but 
that their values may also be calculated quite independently of 
this determinant: viz. the equation shews that there is an identical 
linear relation connecting the values ¢*(Q), ¢°(Q), ¢°(Q), $ (Q) 
and @: and from the values (assumed to be known) of these 
quantities, we can calculate the identical equation which connects 
them. But in whatever way they are found, the coefficients 
e, f, g, h are to be regarded as known scalar functions. 

Writing in the equation ¢” Q in place of Q, we have 

8 (Q) —e$" (Q) +. (Q) —9@ + hb" (Q)= 0, 
viz. this equation gives ¢*(Q) asa linear function of Q, ¢ (Q), ¢’ (Q) 
and ¢°(Q): and hence for the arbitrary quaternion Q writing the 
value C, we have g,=¢'‘(C) given as a linear function of 
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C, (C), ¢°(C) and ¢°(C): we have thus the solution of the 


given linear equation. 


(f) The Vector Equation SApB=C. 


The theory is similar if, instead of quaternions, we have vectors. 
As to this observe in the first place that, even if A, g, B are each 
of them a vector, the product AqB will be in general, not a vector, 
but a quaternion. Hence in the equation {AqB = C, if C and the 
several coefficients A and B be all of them vectors, the quantity q 
as determined by this equation will be in general a quaternion : 
and even if it should come out to be a vector, still in the process 
of solution it will be necessary to take account, not only of the 
vector components, but also of the scalar part; so that there is 
here no simplification of the foregoing general theory. 

But the several coefficients A, B may be vectors so related to 
each other that the sum {ApB, where p is an arbitrary vector, 
is always a vector’; and in this case, if C be also a vector, the 
equation LApB=C will determine p as a vector: and there is 
here a material simplification. Writing p= i+jy+kz, then 
=A pB is in effect of the form 

t (aot By +2) 
+9 (400 + Boy + 42) 
+h (a,0+ By +2), 
viz. we have these three linear functions of (a, y, z) to be equalled 
to given scalar values X,, A,, »,, and here a, y, z have to be 
determined by the solution of the three linear equations thus 
obtained. And for the second form of solution, writing as before 
p= A(_ )B, then ¢ is connected with the more simple matrix 
M=|4, By 4% 
%, Bo, 
3, B,, Ys 


and it thus (instead of a biquadratic equation) satisfies the cubic 
equation 


oe att, Bi V1 = 0, 
a,, 8,- M, Yo 
a, Bs, Ys ql 


say 
M*— eM’ + fM—g =0. 


Thus, if A, B are conjugate quaternions, ApB is a vector co: this is in fact ~ 
the form which presents itself in the theory of rotation. 


1 
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We have therefore for ¢ the cubic equation 


p — eg* + fo—g =0, 
and thus ¢”(Q) is given as a linear function of Q, 6(Q), $?(Q), or, 
what is the same thing, ¢*(@) as a linear function of O, (0), ¢°(C): 
and (this being so) then for the solution of the given equation 
$(p)=C, we have p=¢"(C), a given linear function of O, ¢ (0), 
$° (0). 


(g) Nullitats. 


Simplifications and specialities present themselves in particular 
cases, for instance in the cases Ag+ qB=CO, and Aq=qB, which 
are afterwards considered. 

The product of a quaternion into its conjugate is equal to 
the squared tensor, or norm; aa = 7" (a); and thus the reciprocal 
of a quaternion is equal to the conjugate divided by the norm; 
hence if the norm be = 0, or say if the quaternion be a nullitat, 
there is no reciprocal. In particular, 0, qua quaternion, is a 
nullitat. 

The equation agb=c, where a, b, ¢ are given quaternions, 
q the quaternion sought for, is at once solvable; we have 
gqg=a ‘cb; but the solution fails if a, or b, or each of them, is a 
nullitat. And when this is so, then whatever be the value of gq, 
we have agb a nullitat, and thus the equation has no solution 
unless also ¢ be a nullitat. 

If a and care nullitats, but b is not a nullitat, then the equa- 
tion gives ag=cb~*, which is of the form aq =c; and similarly if 
b and c are nullitats but @ is not a nullitat, then the equation 
gives gb=a‘c, which is of the form qb=c: thus the forms to 
be considered are ag=c, gb=c, and aqgb=c, where in the first 
equation a and ¢, in the second equation b and c, and in the 
third equation a, b, c, are nullitats. 

The equation ag=c, a and c nullitats, does not in general 
admit of solution, but when it does so, the solution is imdeter- 
minate; viz. if Q be a solution, then Q@+ak (where F# is an 
arbitrary quaternion) is also a solution. Similarly for the equation 
qb =c, if Q be a solution, then Q+8S b(S an arbitrary quaternion) 
is also a solution: and in like manner for the equation agb=c, if 
Q be a solution then also Q+ak +b (R, S arbitrary quaternions) 
is a solution. 
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(h) Conditions of Consistency, when some Coefficients 
are Nullitats. 


Consider first the equation ag=c; writing a=a,+10,+ja,+ka, 
(a2 +a,+4,2+ a,?=0) and c=o,+ic,+je,+ke, (¢/+¢,'+0,' +0, =0); 
also g=w+t%+jy+kz, the equation gives 


= AW — a,% — a,Y — a2, 


C, 
C, = A,W + Af — a,Y + a,2, 
C, = AW + A, + OY — AZ, 
C,=a,W—- a, + a,yY 1 QZ, 
equations which are only consistent with each other when two 
of the c’s are determinate linear functions of the other two c’s; 
and when this is so, the equations reduce themselves to two 
independent equations. Thus from the first, second and third 
equations, multiplying by a,a,—a,a,,—a,a,—4,d,, and —a,’—a,, 
and adding, we obtain 
2 2 af) 
(a,a, —,0,) ¢, —(a,@, + a,a,) ¢, —(a,” +a,')c,=05 
similarly from the first, second and fourth equations, multiplying 
: : 
by — a,@,—@,0,, —@,a,+ a,a,, -—a,?— a, , and adding, we have 
2 2 re 
— (4,0, + 4,0,) C,— (a,4, — a,0,) ¢, — (a,’ + a,”) c, = 0, 
and when these two equations are satisfied, the original equations 
are equivalent to two independent equations; so that we have for 
instance a solution @=w+t# where c,=a,w —a,#, c,=a,w+a,a, 
: a,c, + a,c —ac,+ ae 
that is w= +$—1!, = —14 41 
a, +a, a, +4, 
then obtained as above. 
The equations connecting the a’s and the c’s may be presented 
in a variety of different forms, all of them of course equivalent in 
. $ 2 2 2 ope 2 2 2 2 0 
virtue of the relations a,'+ a,’+a,' +4,’ =0, ef +e7%+c2+¢2=0; 
viz. writing 


; and the general solution is 


Pe] Yo De ey aslo he Piz 
A,=4/+4/=-4,—a,, F,=a0,+4,0, F/ =aa,—a,4,, 

se Oe DAI Mi 50) a ae 
A,=a, + a, ae eae A; P= 4,4, +4,0,, FP, = AA, — A, 

yo Daa a Merle Meee pe Pe. 
A,=4, +a, =—4a, a» H,= 4,0, + 4,0, ff, = A,d, — 4,0, 


then the relation between any three of the c’s may be expressed 
in three different forms, with coefficients out of the sets A,, A,, As: 
fF, F,, Fy; Ff, Pf, Fj: Obviously the relation between the c’s is 
satisfied if c=0: the equation then is aq = 0, satisfied by g=aR, 
R an arbitrary quaternion. 
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We have a precisely similar theory for the equation gb=c; 
any two of the c’s must be determinate linear functions of the 
other two of them; and we have then only two independent 
equations for the determination of the w, a, Y, 2. 

In the case of the equation agb =c (a, b, ¢ all nullitats) the 
analysis is somewhat more complicated, but the final result is a 
simple and remarkable one; from the condition that a, b are 
nullitats, it follows that ab, aib, ajb, akb are scalar (in general 
imaginary scalar) multiples of one and the same nullitat, say of 
ab: the condition to be satisfied by ¢ then is that ¢ shall be a 
scalar multiple of this same nullitat, say c=Xab; the equation 
agb=ab has then a solution g=X, and the general solution is 
qg=+a4R+Sb, where R, S are arbitrary quaternions. 


(t) The Linear Equations, aqg—qb=0, and aq —qb=c. 


The foregoing considerations explain a point which presents 
itself in regard to the equation ag — qb = 0, (a, b given quaternions, 
q a quaternion sought for): clearly the equation is not solvable 
(otherwise than by the value g=0) unless a condition be satisfied 
by the given quaternions a, b; but this condition is not (what 
at first sight it would appear to be) Z*a=T7"b. The condition 
(say ©) may be satisfied although 7"a+7%b; and being satisfied, 
there exists a determinate quaternion g, which must evidently 
be a nullitat (for from the given equation ag=gb we have 
(T’a — T°b) T’q =0, that is T’g=0). If in addition to the con- 
dition © we have also 7’a—7"b =0, then (as will appear) we 
have an indeterminate solution g, which is not in general a 
nullitat, 

Take the more general equation ag—qb=c: this may be 
solved by a process (due to Hamilton) as follows: multiplying 
on the left hand by @ and on the right hand by b, we have 
dag — agqb = ac, agb — qb’ =cb, whence subtracting 

aag — (a+ a) qb + qb’ =ac—cb, 
or since ad,a+d are scalars g {aa —(a+a) b+b*} =ac—cb: viz. 
this is an equation of the form gB =C (B, C given quaternions), 
having a solution g=CB™. 

Suppose c= 0, then also C=0; and unless B is a nullitat, the 
equation gB = 0 (representing the original equation aq =qb), has 
only the solution g=0; viz. the condition in order that the 
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equation ag=gqb may have a solution other than gq = 0, is B= nul- 
litat, that is aa —(a+a)b+06’?=nullitat; viz. we must have 
On ai a,” ae ay cil ae 
— 2a,(b, + wb, + 7b, + kb,) ; 
; ae D. ai 2b, (2b, ys a8 kb.) mi b,’ ae DS: 2 b, = nullitat, 

that is 

ag +a, +a, +a, — 2a, +67 — 67 —b2 —b2 
+2 (b,—a,) (0b, +76, + kb,) = nullitat. 

The condition © thus is 
(ye a+ a,?+ a= 2a,b,+ b2— eo b= bye 4 G= bb 2+ ee b,2) =0, 
that is 
{(a, ia b,) si a,” a a,” ate as” = Die Die Eas b,)’ (0 +b, +b,")=0, 
or, as this may also be written, 

(a,—b,) + 2(a,— 6,7 (a, +4,’ + a, +b,’ + b,? +6,) 
+ (a +a, +a,’ —b?—b,? —b,7)?=0. 

Writing herein 

a,” a a, ik hy” ab a, = bg liv Ab. ae sic b, aL oye £53 Sie 
the condition is 
(a, ie b,)* a 9 (a, = b,)’ (A? a IgE ve a, ‘- b,’) ee (A? — B es ae ai bAyF = 0, 
which is easily reduced to 
4 (a, —b,) (a,B° — b,A*) + (A? — BY =0, 
and, as already noticed, this is different from 7°a — 7°b = 0, that is 
A= .Ba=0; 

If the equation A’— B’=0 is satisfied, then the condition Q 
reduces itself to a,—b,=0; we then have a=a,+a, b=a,+ 8, 
where a, 8 are vectors, and the equation is therefore ag=q8 
where (since A*— B*, =a,’ + a,’ +a,’ — b,? — 6,’ —b,’, = 0), the tensors 
are equal, or we may without loss of generality take a, 8 to be 
given unit vectors, viz. we have a =—1], 8?=—1: and this being 
so, we obtain at once the solution g=(a+8)+m(1— a) (A, u, 
arbitrary scalars): in fact this value gives 

ag=(—1+48)+u(a+8)=¢8. 

Reverting to the general equation aq — qb =c, the conjugate of 
ad—(a+a)b+b’ is ad—(a+a)b+b?, and we thus obtain the 
solution 


q {4 (a,—6,) (a,B’— b,A*) + (A*— B*)"} = (aie - cb) (ad — (a +4) b + b°}, 
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but this solution fails if a@—(a+4@)b +b? is a nullitat: supposing 
it to be so, the equation is only solvable when C satisfies the 
condition which expresses that the equation gB=C' is solvable 
when B, C are nullitats. 

The equation ag—qb=c, could it is clear be in like manner 
reduced to the form Aq=(. 


(7) The Quadric Equation q? —2aq+b=0. 


We consider the quadric equation g’—2aqg+b=0; a and b 
given quaternions, gq the quaternion sought for. The solution 
which follows is that given by Prof. Sylvester for a quadric 
equation in binary matrices. 

In general if gq be any quaternion, =w+ix+jy+ kz, then 
(q—w)'+a°4+ y°+2°=0, that is q’-2qu+w*+a°?+y’+2=0, or say 
gq — 2q (seal. g)+normg=0: viz. this is an identical relation 
connecting a quaternion with its scalar and its norm. 

Writing as above q=w+w+jyt+kz, and t=u*+a°+yY4+2 
for the norm, we thus have 


gq —2wq+t=0, 
and combining this with the given equation 
g —2aq+b=0, 
we find 2(a—w)q—(b—t)=0, that is 2g =(a—w)” (b—2), 
an expression for g in terms of the scalar and norm w, ¢, and of the 


known quaternions a and b. 
2q as thus determined satisfies the identical equation 


(2q)’ — 2 (2q) seal. {(a — w)* (b — t)} + norm {(a—w)* (b—t)} =0, 
and we have 


seal. {(a —w)*(b—t)} = scal. {(a — w) (b— t)} 


norm (a — w) 


> 


é norm (b —t) 
norm ge 40) (8-0) orem Ce an)’ 
(& the conjugate of a). 

The equation thus becomes 

4g? norm (a — w) — 4q {scal. (@ — w) (b — t)} + norm (b—t) =0; 


this must agree with 


> 
ll 
S 


q — 2qw ae 
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or say the function is = 40 (¢@ — 2qw + #); we thus have 
norm (a—w)= 2, 
seal, (@ — w) (b — t) = 2dr, 
norm (b — t) = 4A4, 
three equations for the determination of A, w, t; and then, w, t 
being determined, the required value of q is 2g =(a—w)” (6-1) 
as above. 
To develope the solution let the values Ofsa, bite) ts oy be 
defined as follows: viz. 
norm (ax + by + 2) =(a, b, c, f, g, hYa, y, 2)’, 
viz. writing a=a,+ta,+ ja, + ka,, 
b=b, + tb, + 9b, + kb,, 
then this equation is 
(av t+ by +2) + (a,0 + by) + (a,x + by)’ + (ae + by)” 
= (a, b,c) fe) hoary, 2). 
that is, a, b, ¢, f, g, h denote as follows 
a=a;t+a,+a,’+a,, f=b, 
bab) 659407 po ao = 0, 
Cas h=a,b,+ a,b, + a,b, + a,b,. 
We then have 


norm (a —w) = (a,—w)? +a, +4," +4, 
seal. (a — w) (b —t) = (a, - w) (b, —t) + a,b, + a,b, + a,6,, 
norm (b — t) = (b, — ty + 67+ 674+ 6,3, 


or expressing these in terms of (a, b, ¢, f, g, h) the foregoing three 
equations become 


a —2gw+cw =r, 
h— gt— fw+ctw=2)w, 
b= 2 +c? =4nt, 


where c (introduced only for greater symmetry) is = 1. 

Writing moreover A, B, C, F, G, H=be—f’, ca— 9’, ab—h’, 
gh —af, hf—bg, fg—ch, and K =abc — af? — bg’ — ch’ + 2fgh; also 
in place of w, ¢ introducing into the equations u =w—g, and 
v=t—f, the equations become 

w+B=n, 
w — H=2r (w+), 
vi+A=4r (0 +f). 
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We deduce w=r—B, 
u(v—2r) =H + 2rg, 
(v— 2)? = 40? + 4af — A, 
and we thence obtain, to determine X, the cubic equation 
(A — B) (447 + 4Af — A) — (24g + H)?=0, 

viz. this is 

An’ + 4? (f — a) + A {— be + f* + 4 (gh —af)} 

+ ¢ (abe — af? — bg* — ch? + 2fgh) = 0, 


that is, 4n° + 4? (f{—a)+A(-A+4F)4+ K=0, 
and, X being determined by this equation, then 
w=+/r—B, p= on pat Png 


and then w=u+g,t=v+f; consequently 
2q=(a—g-—u)*(b—f-»). 
Write for a moment a — g —uw=9, then 
© (0+ 2u) = (a—g)’ -wW =a’ —-2ag+a—B-w, =- 
(since a@=g+1a,+ja,+hka, a=g*+a,’+a,’+a, and thus the 
identical equation for a is a*— 2ag+a=0): that is 0°+2u0+A=0, 
or AO*=—(O0+4+ 2u)=(a—g+u); that is O', =(a-—g—u)", 


1 : 1 
=— x (a-s+u); and the value of g is 2q=— 5 (a—gtu) (b— f—v), 
or say it is 
H+2n 
2g=— 5 (a—g+u)(b-f-2r— ve oa 


where 2 is determined by the cubic equation, and u is= + /A— B; 
we have thus six roots of the given quadric equation q” — 2aq +b =0. 


CHAPTER VIL. 


* 


GEOMETRY OF THE STRAIGHT LINE AND PLANE. 


201. Havine, in the preceding Chapters, given a brief ex- 
position of the theory and properties of quaternions, we intend to 
devote the rest of the work to examples of their practical appli- 
cation, commencing, of course, with the simplest curve and surface, 
the straight line and the plane. In this and the remaining Chapters 
of the work a few of the earlier examples will be wrought out in 
their fullest detail, with a reference to the previous part of the 
book whenever a transformation occurs; but, as each Chapter 
proceeds, superfluous steps will be gradually omitted, until in 
the later examples the full value of the quaternion processes is 


exhibited. 


202. Before proceeding to the proper business of the Chapter 
we make a digression in order to give a few instances of applica- 
tions to ordinary plane geometry. These the student may multiply 
indefinitely with great ease. 


(a) Huclid, 1.5. Let a and 8 be the vector sides of an iso- 
sceles triangle; @—a is the base, and 
ToS: 
The proposition will evidently be proved if we shew that 
a(a—B)y'=KB(B—a)* G52). 


This gives a (a —8)'=(B—a)'p, 
gf (8-2) a=8(a—8), 
or SGe =— 8. 
(b) Euclid, I. 32. Let ABC be the triangle, and let 
ee) 


: 
ee EE——aaEEOEeEeEeEE 
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where ¥ is a unit-vector perpendicular to the plane of the triangle. 
If/=1, the angle CAB is a right angle (§ 74). Hence 


A=I17/2 §74). Let Bamm/2, C=n/2. We have 


UAC=y'UAB, 
UCB=y"U04, 
UBA =y"UBC. 
Hence UBA =y".9".y UAB, 
or — 1 = pf tmtn, 
That is l+m+n=2, 
or A+B+C=r. 


This is, properly speaking, Legendre’s proof; and might have been 
given in a far shorter form than that above. In fact we have for 
any three vectors whatever, 


which contains Euclid’s proposition as a mere particular case. 

(c) Euclid, I. 35. Let 8 be the common vector-base of the 
parallelograms, a the conterminous vector-side of any one of them. 
For any other the vector-side is a+ (§ 28), and the proposition 
appears as 

TVB (a+ «B) = TVBa (§§ 96, 98), 
which is obviously true. 

(d) In the base of a triangle find the point from which lines, 
drawn parallel to the sides and limited by them, are equal. 

If a, 8 be the sides. any point in the base has the vector 

p=(1—-«a2)a+ a8. 


For the required point 
(1-2) Ta=a2TB 
which determines «. 
Hence the point lies on the line 


p=y (Ua + UB) 
which bisects the vertical angle of the triangle. 
_ This is not the only solution, for we should have written 
T (1-2) Ta=TaTB, 
instead of the less general form above which tacitly assumes that 
‘1-2 and « have the same sign. We leave this to the student. 
URE E EL 
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(ce) If perpendiculars be erected outwards at the middle 
points of the sides of a triangle, each being proportional to the 
corresponding side, the mean point of the triangle formed by their 
extremities coincides with that of the original triangle. Find the 
ratio of each perpendicular to half the corresponding side of the 
old triangle that the new triangle may be equilateral. 


Let 2a, 28, and 2(a+) be the vector-sides of the triangle, 


é a unit-vector perpendicular to its plane, e the ratio im question. 
The vectors of the corners of the new triangle are (taking the 
corner opposite to 28 as origin) 
p,=a+ ea, 
p, = 2a+B+ ep, 
p;=a+B—er(a+t BP). 
From these 
$(p, +p, +p.) =4 (4a + 28) = 5 [2a + 2 (a + B)}, 
which proves the first part of the proposition. 
For the second part, we must have 


L(V N= LE ayy 2'(p, — p,)- 
Substituting, expanding, and erasing terms common to all, the 
student will easily find 
oe =e 
Hence, if equilateral triangles be described on the sides of any 
triangle, their mean points form an equilateral triangle. 


203. Such applications of quaternions as those just made are 
of course legitimate, but they are not always profitable. In fact, 
when applied to plane problems, quaternions often degenerate into 
mere scalars, and become (§ 33) Cartesian cédordinates of some 
kind, so that nothing is gained (though nothing is lost) by their 
use. Before leaving this class of questions we take, as an 
additional example, the investigation of some properties of the 
ellipse. 


204. We have already seen (§ 31 (h)) that the equation 
p=acosé+ sind 


represents an ellipse, @ being a scalar which may have any value. 
Hence, for the vector-tangent at the extremity of p we have 


d ; 
T= 7g =~ asin d + Bos, 


; 
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which is easily seen to be the value of p when @ is increased by 
m/2. Thus it appears that any two values of p, for which 0 
differs by 7/2, are conjugate diameters. The area of the 
parallelogram circumscribed to the ellipse and touching it at 
the extremities of these diameters is, therefore, by § 96, 


4TVp of = ATV (a cos @ + B sin @) (— asin @ + 8 cos 6) 
=47TVaB, 


a constant, as is well known. 


205. For equal conjugate diameters we must have 


T (acos@+ 8sin 0)=T (—asin 6 + B cos 8), 


or (a® — 8) (cos 6 — sin’ @) + 48a cos @ sin 6 = 0, 
5 = a as Bp? 
or tan 20 = — “2SaB . 
The square of the common length of these diameters is of course 
e+ 
9 ? 


because we see at once from § 204 that the sum of the squares of 
conjugate diameters is constant. 


206. The maximum or minimum of p is thus found ; 
dIp i dp 
dO ~~ TP aa 


os a {— (a? — 8”) cos @ sin 8 + Sa (cos” 6 — sin’ 6)}. 


For a maximum or minimum this must vanish*, hence 


2SaB 

a BP 

and therefore the longest and shortest diameters are equally 
inclined to each of the equal conjugate diameters (§ 205). Hence, 
also, they are at right angles to each other. 


tan 20 = 


207. Suppose for a moment a and § to be the greatest and 
least semidiameters, so that 


SaB = 0. 


aT, dp 
* The student must carefully notice that here we put — =0, and not aan 


A little reflection will shew him that the latter equation involves an absurdity, 


11—2 
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Then the equations of any two tangent-lines are 
p=acosd +Bsind +a (—asind +f cos 0), 
p=acos6,+ Bsin 6, + a, (— asin 8, + B cos 4,). 

If these tangent-lines be at right angles to each other 
S(—asin 6+ 8 cos 6) (—asin 0, + 8 cos 0,) =0 

or a’ sin @ sin 6, + 8’ cos @ cos 0, = 0. 


Also, for their point of intersection we have, by comparing 
coefficients of a, 8 in the above values of p, 

cos 0 — xsin 8 = cos 6, — #, sin O,, 

sin 0+ x cos 6 = sin @, + @, cos @,. 
Determining x, from these equations, we easily find 

Tp” =—(a' + B), 
the equation of a circle; if we take account of the above relation 
between @ and @,. 
Also, as the equations above give =—~,, the tangents are 

equal multiples of the diameters parallel to them; so that the line 


joining the points of contact is parallel to that joining the 
extremities of these diameters. 


208. Finally, when the tangents 
p=acos@ +@sind +a (—asin@ +8 cos 8), 
p=acos 0, + BP sin 6, +a, (—asin 6, + B cos 6,), 


meet in a given point 


p=aat bB, 
we have a=cos @—wsin @=cos 0, — x, sin 6, 
b=sin @+ «cos @ =sin 0, + a, cos 8. 
Hence o=a+0—-1l=2? 
and acos@+bsin6=1=acos 0, +bsin 8, 


determine the values of @ and w for the directions and lengths of 
the two tangents. The equation of the chord of contact is 


p= Yy(acos 0+ Bsin A) + (1—y) (acos 0, + Bsin 6,). 
If this pass through the point 
p= pa+ gB, 
we have p=ycos@+ (1 —y)cos6,, 
q=ysn0+(1—y)sin@,, 
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from which, by the equations which determine @ and 0., we get 
ap+bg=y+1l—-y=l1. 
Thus if either a and 6, or p and gq, be given, a linear relation 


connects the others. This, by § 30, gives all the ordinary properties 
of poles and polars. 


209. Although, in §§ 28—30, we have already given some of 
the equations of the line and plane, these were adduced merely for 
their applications to anharmonic cdordinates and _transversals; 
and not for investigations of a higher order. Now that we are 
prepared to determine the lengths and inclinations of lines we 
may investigate these and other similar forms anew. 


210. The equation of the indefinite line drawn through the 
origin O, of which the vector OA, =a, forms a part, is evidently 


p= «a, 
or p lla, 

or Vap =0, 
or Up = Ua; 


the essential characteristic of these equations being that they are 
linear, and involve one indeterminate scalar in the value of p. 

We may put this perhaps more clearly if we take any two 
vectors, 8, y, which, along with a, form a non-coplanar system. 
Operating with S.Va@ and S.Vay upon any of the preceding 
equations (except the third, and on it by S.8 and S.y) we get 


and S.ayp =0 


Separately, these are the equations of the planes containing a, 8, 
and a, y; together, of course, they denote the line of intersection. 


211. Conversely, to solve equations (1), or to find p in terms 
of known quantities, we see that they may be written 
S.pVagb=0 
S.pVay=0)’ 
so that p is perpendicular to Va8 and Vay, and is therefore 
parallel to the vector of their product. That is, 
pilV.VaBVay, 
|| — aS. aBry, 


or Pp = xa. 
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212. By putting p—# for p we change the origin to a point 
B where OB=—8, or BO=B8; so that the equation of a line 
parallel to a, and passing through the extremity of a vector 8 
drawn from the origin, is 


p— B= xa, 
or p=B+aa. 
Of course any two parallel lines may be represented as 
p=B+ xa, 
p=Bh,+2,0; 
or Va(p-—8)=0, 
Va(p—8,)=0. 


213. The equation of a line, drawn through the extremity of B, 
and meeting a perpendicularly, is thus found. Suppose it to be 
parallel to y, its equation is 

p=B + ay. 
To determine y we know, /irst, that it is perpendicular to a, 
which gives 
Say = 0. 
Secondly, a, 8, and y are in one plane, which gives 
S.aBy =0. 
These two equations give 
ylV.aVas, 
whence we have p=Bt+aaVaB. 

This might have been obtained in many other ways; for 

instance, we see at once that 

B=a'*aB=a"* SaB+a'*Vaf. 
This shews that a’ Va (which is evidently perpendicular to a) is 
coplanar with a and 8, and is therefore the direction of the 
required line; so that its equation is 


p=B+ya* Vag, 
the same as before if we put — ae for a. 


214. By means of the last investigation we see that 
—a'’*Vags 
is the vector perpendicular drawn from the extremity of 8 to the 
line 
p = x0. 
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Changing the origin, we see that 
—a*Va(8—y) 
is the vector perpendicular from the extremity of 8 upon the line 
p=y+aa. 
215. The vector joining B(where OB = 8) with any point in 
p=7t za 


is y+ara— BP. 
Its length is least when 


dT (y+ xa — 8) =0, 
or Sa(y + wa — B)=0, 
ie. when it is perpendicular to a. 
The last equation gives 


ava’ + Sa(y —8)=0, 
or za=—a*Sa(y— 8). 
Hence the vector perpendicular is 
yf — a> Sa(y— A), 
* OF a*Va(y—B)=—a'*Va(B—+y), 
which agrees with the result of last section. 


216. To find the shortest vector distance between two lines in 
space 


p=h+ a4, 
and P,=B, + 4,4, 3 
we must put dT (p—p,) =9, 
or S (p—p,) (dp — dp,) = 9, 
or S(p—p,) (ada —a,dx,)=0. 


Since x and w, are independent, this breaks up into the two 
conditions 

Sa (Pp —p 4 =, 

Sa, (ep — p,)= 9; 
proving the well-known truth that the required line is perpendicular 
to each of the given lines. 

Hence it is parallel to Vaa,, and therefore we have 
p—p,=Bt+#a— B,— 4,0, =YyVaa,.... cree (1). 
‘Operate by S. aa, and we get 
S. a0, (8 sa B,) ry (Vaa,)”. 
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This determines y, and the shortest distance required is 


T (p—p,) =T (yVaa,) = sae The TS.(UVaa,) (B— 8,). 


[Wote. In the two last expressions 7’ before S is inserted simply 

to ensure that the length be taken positively. If 
S.aa, (8 —8,) be negative, 

then (§ 89) S.a,a(@—,) is positive. 
If we omit the 7, we must use in the text that one of these two 
expressions which is positive. | 

To find the extremities of this shortest distance, we must operate 
on (1) with S.aand S.a, We thus obtain two equations, which 
determine # and «,, as y is already known. 

A somewhat different mode of treating this problem will be 
discussed presently. 


217. Ina given tetrahedron to find a set of rectangular coordi- 
nate axes, such that each axis shall pass through a pair of opposite 
edges. 


Let a, 8, y be three (vector) edges of the tetrahedron, one ~ 


corner being the origin. Let p be the vector of the origin of the 
sought rectangular system, which may be called 2, 7, & (unknown 
vectors). The condition that 2, drawn from p, intersects a is 


Sig dolpe= Or aint eases conte woteate se (1) 
That it intersects the opposite edge, whose equation is 


the condition is 
S.a(8—y)(p—B8)=9, or Si{(8—y)p—By}=0 ...(2). 


There are two other equations like (1), and two like (2), which can 
be at once written down. 


Put B-y=a, y-a=B8, a—-B8=y,, 
VSy=a,, Vye=B8, Vas =y,, 
Vaa=a,, VB.8=B, Vyy=%,; 
and the six become 
S. tap =0, S . ta,p — Sta, = 0, 
S.98p =0, S.98,0 —S78,=0, 
S.kyp =0, S. ky,p — Sky, = 0. 
The two in 7 give 1||aSa,p — p (Saa, + Sa,p). 
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Similarly, 
J\|BSB,p — p(SBB,+ SB,p), and k|\ySy,p —p (Syy, + Sy,p). 


The conditions of rectangularity, viz., 
Sy=0, Sjk=0, Ski=0, 


at once give three equations of the fourth order, the first of which 
is 


0 = SaBSa,pS8,p — SapSa,p (S88, + S8,p) — SBpSB,p (Saa, + Sa,p) 
+ p* (Saa, + Sap) (SBR, + S8,p). 


The required origin of the rectangular system is thus given as 
the intersection of three surfaces of the fourth order. 


218. The equation Sap = 0 


imposes on p the sole condition of being perpendicular to a; and 
therefore, being satisfied by the vector drawn from the origin to 
any point in a plane through the origin and perpendicular to a, is 
the equation of that plane. 

To find this equation by a direct process similar to that usually 
employed in céordinate geometry, we may remark that, by § 29, 
we may write 

p=aB+y¥, 
where 8 and y¥ are any two vectors perpendicular to a. In this 
form the equation contains two indeterminates, and is often useful; 
but it is more usual to eliminate them, which may be done at 
once by operating by S.a, when we obtain the equation first 
written. 

It may also be written, by eliminating one of the indeter- 
minates only, as 

V8p =yV By = 2a, 
where the form of the equation shews that SaB = 0. 
Similarly we see that 


Sa(p—6)=0 


represents a plane drawn through the extremity of @ and perpen- 
dicular to a. This, of course, may, like the last, be put into various 


equivalent forms. 


219. The line of intersection of the two planes 


and S.a,(p —B,) =90 
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contains all points whose value of p satisfies both conditions. But 

we may write (§ 92), since a, a,, and Vaa, are not coplanar, 
pS.aa,Vaa,= Vaa,S.aa,p + Via,Vaa,Sap + V.V(aa,) aSa,p, 

or, by the given equations, 

—pT’Vaa, = V.a,VaaSa8 + V.V(aa,) aSa,8, + oVaa,.. ie? 
where a, a scalar indeterminate, is put for S.aa,o which may have 
any value. In practice, however, the two definite given scalar 
equations are generally more useful than the partially indeter- 
minate vector-form which we have derived from them. 

When both planes pass through the origin we have 8 = 8, = 0, 
and obtain at once 
p=aVaa, 
as the equation of the line of intersection. 


220. The plane passing through the origin, and through the 
line of intersection of the two planes (1), is easily seen to have the 
equation 

Sa,B,Sap — Sa8Sa,p = 0, 
or S (aSa,B, —a,SaB) p= 0. 
For this is evidently the equation of a plane passing through the 
origin. And, if p be such that 

Sap = SaB, 
we also have Sa,p = Sa,8,, 
which are equations (1). : 
Hence we see that the vector 


aSa,8, —a,Sa8 
is perpendicular to the vector-line of intersection (2) of the two 


planes (1), and to every vector joining the origin with a point in 
that line. 


The student may verify these statements as an exercise. 


221. To find the vector-perpendicular from the extremity of B 
on the plane 


Sap = 0, 


we must note that it is necessarily parallel to a, and hence that the 
value of p for its foot is 

p=B + xa, 
where wa is the vector-perpendicular in question. 


Hence Sa (8B + wa) = 0, 
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which gives va” = — SaB, 
or va =—aSaB. 


Similarly the vector-perpendicular from the extremity of 8 on the 
plane 


Sa (p —y)=0 
may easily be shewn to be 


—a* Sa (8 —+¥). 


222. The equation of the plane which passes through the ea- 
trematies of a, 8, y may be thus found. If p be the vector of any 
point in it, p—a, a— 8, and B—y lie in the plane, and therefore 


( 101) 
S.(p—a)(a—f)(B— 7) =0, 

or Sp (Va8+ VBy+ Vya)—S.aBy = 0. 

Hence, if d=a(VaB+ VBy+ Vya) 


be the vector-perpendicular from the origin on the plane containing 
the extremities of a, 8, y, we have 

8=(VaB+ VBy+ Vyay* S.aBy. 
From this formula, whose interpretation is easy, many curious pro- 
perties of a tetrahedron may be deduced by the reader. Thus, for 
instance, if we take the tensor of each side, and remember the 
result of § 100, we see that 

T (VaB+ VBy + Vya) 

is twice the area of the base of the tetrahedron. This may be 
more simply proved thus. The vector area of the base is 


$V (a—8)(y—8)=—4(Va8+ VBy + Vya). 

Hence the sum of the vector areas of the faces of a tetrahedron, 
and therefore of any solid whatever, is zero. This is the hydrostatic 
proposition for translational equilibrium of solids immersed in a 
fluid subject to no external forces. 


223. Taking any two lines whose equations are 


p=B+ «aa, 
p=B, +24) 
we see that S.aa,(p — 5) =0 


is the equation of a plane parallel to both. Which plane, of course, 
depends on the value of 6. 
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Now if 5=8, the plane contains the first line; if 6=/f,, the 
second. 
Hence, if yVaa, be the shortest vector distance between the 
lines, we have 
S.aa,(8 — B, — yVaa,) = 0, 
or T (yVaa,)=TS.(8 — 8,) UVaa,, 
the result of § 216. 


224. Find the equation of the plane, passing through the origin, 
which makes equal angles with three given lines. Also find the angles 
im question. 

Let a, 8, y be unit-vectors in the directions of the lines, and let 
the equation of the plane be 

Sdp = 0. 
Then we have evidently 
Sad = Sd = Syé = x, suppose, 
x 


HD 


is the sine of each of the required angles. 
But (§ 92) we have 


dS aby =a (VaB+ VBy + Vya). 


where 


Hence S.p(VaB+ VBy + Vya)=0 
is the required equation; and the required sine is 
S.aBy 


mz, (Va8B+ VBy+ Vya)° 


225. Hind the locus of the middle points of a series of straight 
lines, each parallel to a given plane and having its extremities in two 
heed straight lines. 

Let Syp =0 
be the plane, and 

p=B+aa, p=8,+x,4,, 
the fixed lines. Also let # and 2, correspond to the extremities of 
one of the variable lines, » being the vector of its middle point. 
Then, obviously, 2a =B+aa+ 8, +a,4,. 
Also Sy (8 — B,+ aa — TG ==: 
This gives a linear relation between a and x,, 80 that, if we sub- 


stitute for w, in the preceding equation, we obtain a result of the 
form 
wm =6-+ xe, 


a ce | enn a ee 
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where 6 and ¢ are known vectors. The required locus is, therefore, 
a straight line. 


226. Three planes meet in a point, and through the line of 
intersection of each pair a plane is drawn perpendicular to the 
third ; prove that these planes pass through the same line. 

Let the point be taken as origin, and let the equations of the 
planes be 

Sap=0, S8p=0, Syp=0. 
The line of intersection of the first two is || Va, and therefore the 
normal to the first of the new planes is 


V.yVap. 
Hence the equation of this plane is 
S.pV.yVa8=0, 
or SBpSay — SapSBy = 0, 


and those of the other two planes may be easily formed from this 
by cyclical permutation of a, 8, . 

We see at once that any two of these equations give the third 
by addition or subtraction, which is the proof of the theorem. 


227. Given any number of points A, B, OC, &c., whose vectors 
(from the origin) are a,, a, 4, &c., find the plane through the origin 
for which the sum of the squares of the perpendiculars let fall upon 
it from these points is a maximum or minimum. 


Let Sap =0 
be the required equation, with the condition (evidently allowable) 
To =1; 
The perpendiculars are (§ 221) -a‘*Saa,, &c. 


Hence LVaa 
isa maximum. This gives 


>. SaaSada =0; 
and the condition that @ is a unit-vector gives 


Sada = 0. 


Hence, as da may have any of an infinite number of values, 
these equations cannot be consistent unless 


> .aSax =an, 
where z is a scalar. 
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The values of a are known, so that if we put 
>. aSaex = da, 
¢ is a given self-conjugate linear and vector function, and therefore 
a has three values (g,, J, 9g § 175) which correspond to three 
mutually perpendicular values of a. For one of these’ there is a 
maximum, for another a minimum, for the third a maximum- 
minimum, in the most general case when g,, g,, g, are all different. 


228. The following beautiful problem is due to Maccullagh. 
Of a system of three rectangular vectors, passing through the origin, 
two lie on given planes, find the locus of the third. 

Let the rectangular vectors be a, p, o. Then by the conditions 
of the problem 

Sap = Spo = Sow =0, 
and Saw =0, SBp = 0. 
The solution depends on the elimination of p and w among these 
five equations. [This would, in general, be impossible, as p and w 
between them involve siz unknown scalars; but, as the tensors are 
(by the very form of the equations) not involved, the five given 
equations are necessary and sufficient to eliminate the four unknown 
scalars which are really involved. Formally to complete the requisite 
number of equations we might write 


Ta=a, Tp=b, 
but a@ and b may have any values whatever. | 
From Sax=0, Soa =O, 
we have o=xVac. 
Similarly, from SBp=0, Sap=0, 
we have p=yVBe. 
Substitute in the remaining equation 
Sap =0, 
and we have S.VacVBo =), 
or SacSBo — oc’ SaB8 = 0, 


the required equation. As will be seen in next Chapter, this is a 
cone of the second degree whose circular sections are perpendicular 
toa and 8. [The disappearance of « and y in the elimination 
instructively illustrates the note above. ] 
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EXAMPLES TO CHAPTER VII. 


1. What propositions of Euclid are proved by the mere form 
of the equation 
p=(l—«a) a+2P, 
which denotes the line joining any two points in space 2 


2. Shew that the chord of contact, of tangents to a parabola 
which meet at right angles, passes through a fixed point. 


3. Prove the chief properties of the circle (as in Huclid, IIT.) 


from the equation 
p=acos 0+8 sin 6; 


where Ta=7'8, and Sa8 =0. 


4. What locus is represented by the equation 
Sap + p*=0, 
where Ta=1? 
5. What is the condition that the lines 
Vap=8, Vap=B, 
intersect? If this is not satisfied, what is the shortest distance 
between them ? 


6. Find the equation of the plane which contains the two 
parallel lines 
Va (p —8) =9, Va(p—8,)=0. 
7. Find the equation of the plane which contains 
Va (p—A)=0, 
and is perpendicular to Sryp = 0. 

8. Find the equation of a straight line passing through a given 
point, and making a given angle with a given plane. 

Hence form the general equation of a right cone. 

9. What conditions must be satisfied with regard to a number 
of given lines in space that it may be possible to draw through 
each of them a plane in such a way that these planes may intersect 
in a common line ? 

10, Find the equation of the locus of a point the sum of the 
squares of whose distances from a number of given planes is 


constant. 
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11. Substitute “lines” for “ planes” in (10). 


12. Find the equation of the plane which bisects, at right 
angles, the shortest distance between two given lines. 
Find the locus of a point in this plane which is equidistant from 
the given lines. 
13. Find the conditions that the simultaneous equations 
Sap=a, SS8p=b, Syp=c, 


may represent a line, and not a point. 


14. What is represented by the equations 
(Sap)’ = (S8p)’ = (Syp)’, 


where a, 8, y are any three vectors ? 


15. Find the equation of the plane which passes through two 
given points and makes a given angle with a given plane. 


16. Find the area of the triangle whose corners have the 
vectors a, 8, +. 

Hence form the equation of a circular cylinder whose axis and 
radius are given. 


17. (Hamilton, Bishop Law’s Premium Ezx., 1858.) 

(a) Assign some of the transformations of the expression 
Vap 
Ra 


where a and B are the vectors of two given points A and B. 


(b) The expression represents the vector y, or OC, of a point C 
in the straight line AB. 


(c) Assign the position of this point C. 
18. (Lbid.) 


(a) Ifa, 8, ¥, 6 be the vectors of four points, A, B, C, D, what 
is the condition for those points being in one plane ? 


(6) When these four vectors from one origin do not thus 
terminate upon one plane, what is the expression for the volume 
of the pyramid, of which the four points are the corners ? 


(c) Express the perpendicular & let fall from the origin O on 
the plane ABC, in terms of a, 8, ¥. 
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19. Find the locus of a point equidistant from the three 
planes 
Sap=0, S8p=0, Syp=0. 


20. If three mutually perpendicular vectors be drawn from a 
point to a plane, the sum of the reciprocals of the squares of their 
lengths is independent of their directions. 


21. Find the general form of the equation of a plane from the 
condition (which is to be assumed as a definition) that any two 
planes intersect in a single straight line. 


22. Prove that the sum of the vector areas of the faces of any 
polyhedron is zero. 


(Daa al E 12 


CHAPTER VIII. 


THE SPHERE AND CYCLIC CONE. 


229. AFTER that of the plane the equations next in order of 
simplicity are those of the sphere, and of the cone of the second 
order. To these we devote a short Chapter as a valuable prepara- 
tion for the study of surfaces of the second order in general. 


230. The equation 
Tp = Ta, 
or 0 = a’, 
denotes that the length of p is the same as that of a given vector a, 
and therefore belongs to a sphere of radius 7’a whose centre is the 
origin. In § 107 several transformations of this equation were ob- 
tained, some of which we will repeat here with their interpretations. 


Thus S(p+a)(p—a)=0 


shews that the chords drawn from any point on the sphere to the 
extremities of a diameter (whose vectors are a and —«) are at right 
angles to each other. 


T(p +a) (p —a)=27Vap 
shews that the rectangle under these chords is four times the area 
of the triangle two of whose sides are a and p. 
p=(p+a)'a(p+a) (see § 105) 


shews that the angle at the centre in any circle is double that at 
the circumference standing on the same arc. All these are easy 
consequences of the processes already explained for the interpreta- 
tion of quaternion expressions, 
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231. If the centre of a sphere be at the extremity of a, the 
equation may be written 
T (p —a)=TB, 
which is the most general form. 
If Ta = Tp, 
or a® = B, 
in which case the origin is a point on the surface of the sphere, this 
becomes 
p' — 2Sap = 0. 
From this, in the form 
Sp (p — 2a) =0 
another proof that the angle in a semicircle is a right angle is 
derived at once. 


232. The converse problem is—Find the locus of the feet of 
perpendiculars let fall from a given point, p=, on planes passing 
through the origin. 

Let Sap = 0 
be one of the planes, then (§ 221) the vector-perpendicular is 

. —a Saf, 
and, for the locus of its foot, 
p=B-a'SaB, 
=a'VaB. 
[This is an example of a peculiar form in which quaternions some- 
times give us the equation of a surface. The equation is a vector 
one, or equivalent to three scalar equations; but it involves the 
undetermined vector a in such a way as to be equivalent to only 
two indeterminates (as the tensor of a is evidently not involved). 
To put the equation in a more immediately interpretable form, a 
must be eliminated, and the remarks just made shew this to be 


possible. ] 
Now (p — BY =a *S*a8, 
and (operating by S. 8 on the value of p above) 
SBp — 8B? =— a°*S*a8. 
Adding these equations, we get 
p’ —SBp = 0, 


or T(p-5)=25: 
12—2 
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so that, as is evident, the locus is the sphere of which 8 is a 
diameter. 


233. To find the intersection of the two spheres 

T'(p—a) = TB, 
and T (p —a,) =TB,, 
square the equations, and subtract, and we have 

2S (a—a,)p=a°—a,7—(0" —B,’), 

which is the equation of a plane, perpendicular to a — a,, the vector 
joiing the centres of the spheres. This is always a real plane 
whether the spheres intersect or not. It is, in fact, what is called 
their Radical Plane. 


234. Find the locus of a point the ratio of whose distances from 
two given points is constant. 
Let the given points be O and A, the extremities of the vector a. 


Also let P be the required point in any of its positions, and OP =p. 
Then, at once, if m be the ratio of the lengths of the two lines, 


T (p—a)=nTp. 
This gives p — 2Sap + a° =n’p’, 


or, by an easy transformation, 


a no 
Z (p , era, ale ( ) ; 


Thus the locus is a sphere whose radius is 7’ Gr and whose 


a 


toa ® definite point in the line OA. 


centre is at B, where OB = 


235. Ifin any line, OP, drawn from the origin to a given plane, 
OQ be taken such that OQ. OP is constant, find the locus of Q. 


Let Sap =a’ 


be the equation of the plane, o a vector of the required surface. 
Then, by the conditions, 


T= Tp = constant = b’ (suppose), 
and Ua = Up. 
; Ua Vo 


From these 


ier erage 
Substituting in the equation of the plane, we have 


aa" + B'Saa = 0, 
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which shews that the locus is a sphere, the origin being situated 
on it at the point farthest from the given plane. 


236. Find the locus of points the sum of the squares of whose 
distances from a set of given points is a constant quantity. Find 
also the least value of this constant, and the corresponding locus. 

Let the vectors from the origin to the given points be a,, a,, 
preac a,, and to the sought point p, then 

-C= (p — a)” ae (p i a)” FH eeees z- (p = a,)’, 
= np” — 2Sp a+ > (a’). 


P Ya\? 24 3 (q? Sa)? 
Otherwise ( “ SE Set (a) , ¢ a) 


p n n Tops 


: eee Oe 
the equation of a sphere the vector of whose centre is —, Le. 
n 


whose centre is the mean of the system of given points. 

Suppose the origin to be placed at the mean point, the equation 
becomes eee 

p= — pre) (because a= 0, § 31 (e)). 
The right-hand side is negative, and therefore the equation denotes 
a real surface, if 
oer. 

as might have been expected. When these quantities are equal, 
the locus becomes a point, viz. the new origin, or the mean point 
of the system. 


237. If we differentiate the equation 
Tp =Ta 
we get Spdp =0. 
Hence (§ 144), p is normal to the surface at its extremity, a well- 
known property of the sphere. 

If w be any point in the plane which touches the sphere at the 
extremity of p, a —p is a line in the tangent plane, and therefore 
perpendicular to p. So that 

Sp (= —p)=9, 
or Sap =—Tp* =a" 
is the equation of the tangent plane. 


238. If this plane pass through a given point B, whose vector 
is 8, we have 
SBp =a’. 
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This is the equation of a plane, perpendicular to 6, and cutting 
from it a portion whose length is 

Ta? 

Wisi ; 
If this plane pass through a fixed point whose vector is y we must 
have 

SBy = a", 

so that the locus of 8 is a plane. These results contain all the 
ordinary properties of poles and polars with regard to a sphere. 


239. A line drawn parallel to y, from the extremity of @, has 
the equation 
p=8+ ay. 
This meets the sphere 
p = a’ 


in points for which w has the values given by the equation 
8’ + 2aSBy + ay? = a’. 
The values of # are imaginary, that is, there is no intersection, if 
ay’ + V*By < 0. 
The values are equal, or the line touches the sphere, if 
a’y’ + V* By = 0, 
or S’Bry = (8* — a’). 
This is the equation of a cone similar and similarly situated to the 
cone of tangent-lines drawn to the sphere, but its vertex is at the 
centre. That the equation represents a cone is obvious from the 
fact that it is homogeneous in Try, i.e. that it is independent of the 
length of the vector ¥. 
[It may be remarked that from the form of the above equation 
we see that, if # and a’ be its roots, we have 
(aT) (2’ Try) = a — 8, 
which is Huclid, III. 35, 36, extended to a sphere.] 


240. Find the locus of the foot of the perpendicular let fall from 
a gwen point of a sphere on any tangent-plane. 
Taking the centre as origin, the equation of any tangent-plane 


may be written . 
Sap =a’. 


The perpendicular must be parallel to p, so that, if we suppose it 


—_ ae 
. 
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drawn from the extremity of « (which is a point on the sphere) we 
have as one value of w 
@B=a+ wx. 
From these equations, with the help of that of the sphere 
= eel 
we must eliminate p and a. 
We have by operating on the vector equation by S. a 
a =NSaa +aSap 
= Sam + wa’. 
a-—a a (s—a) 


Hence = daa se Neal sh 
p x a — Saw: 


Taking the tensors, we have 
(a — Sax)’ = a? (a — a)’, 

the required equation. It may be put in the form 

S’a U (a —a)=— 2’, 
and the interpretation of this (viz. that the projection of a on 
(a —a) is of constant length) gives at once a characteristic 
property of the surface formed by the rotation of the Cardioid 
about its axis of symmetry. 

If the perpendiculars be let fall from a point, 8, not on the 

sphere, it is easy to see that the equation of the locus is 

S’a U (a — 8)=— a’, 


whose interpretation is equally easy. 


241. We have seen that a sphere, referred to any point what- 

ever as origin, has the equation 
T' (p —a) =TB. 
Hence, to find the rectangle under the segments of a chord drawn 
through any point, we may put 
p= ay; 
where y is any unit-vector whatever. This gives 
ary? — 2aSay + a° = 6’, 

and the product of the two values of w is 


ae at 
_B Se ee 


2 


This is positive, or the vector-chords are drawn in the same direc- 


tion, if 


LB = Pa, 
ie. if the origin is outside the sphere. 
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242, A, Bare fixed points; and, O being the origin and P a 
point wm space, AP*4 BP*= OP: 
find the locus of P, and explain the result when 2 AOB is a raght, or 
an obtuse, angle. 
Let OA =a, OB= 8, OP =p, then 
(p—a)'+(p—B) =p, 
or p' — 28 (a+ B)p=—(a' +B’), 
or T {p — (a+ 8)} =V(— 28a). 
While Saf is negative, that is, while 2 AOB is acute, the locus 
is a sphere whose centre has the vector a+. If Sa8=0, or 
Z AOB =7/2, the locus is reduced to the point 
p=at BZ, 
If 2 AOB> 7/2 there is no point which satisfies the conditions. 


243. Describe a sphere, with vts centre in a given line, so as to 
pass through a given point and touch a gwen plane. 

Let wa, where w is an undetermined scalar, be the vector of 
the centre, 7 the radius of the sphere, 8 the vector of the given 
point, and 

Syp =a 
the equation of the given plane. 

The vector-perpendicular from the point wa on the given plane 
is (§ 221) 

(a — arya) y™. 
Hence, to determine # and 7 we have the equations 
T'.(a—aSya) y* = T (wa — 8B) =r, 
so that there are, in general, two solutions. It will be a good 
exercise for the student to find from these equations the condition 
that there may be no solution, or two coincident ones. 


244, Describe a sphere whose centre is in a given line, and 
which passes through two given points. 
Let the vector of the centre be wa, as in last section, and let 
the vectors of the points be 8 and y. Then, at once, 
T (y— aa) = T (8 — aa) =r. 
Here there is but one sphere, except in the particular case when 
we have 
Ty=TB, and Say = Saf, 
in which case there is an infinite number, 
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The student should carefully compare the results of this 
section with those of the last, so as to discover why in general two 
solutions are indicated as pussible in the one problem, and only 
one in the other. 


245. A sphere touches each of two straight lines, which do not 
meet: find the locus of its centre. 

We may take the origin at the middle point of the shortest 
distance (§ 216) between the given lines, and their equations will 
then be 

p=a+ ap, 
p=—a+2,8,, 
where we have, of course, 
SaB=0, Sa, =0. 
Let o be the vector of the centre, p that of any point, of one 
of the spheres, and r its radius; its equation is 
T(p—o)=r. 
Since the two given lines are tangents, the following equations in 
« and x, must have pairs of equal roots, 
T(a+a2B8—c)=r7, 
T(-—a+a,B,—c)=r. 
The equality of the roots in each gives us the conditions 
S*’Bo = 8? {(a—a)’ +7°}, 
S’B,o =B8? (atc) +7°}. 
Eliminating r we obtain 
B78'B0 — BAS'B,o = (a—a)'— (a0)? =— 4800, 
which is the equation of the required locus. 

[As we have not, so far, entered on the consideration of the 
quaternion form of the equations of the various surfaces of the 
second order, we may translate this into Cartesian cdordinates to 
find its meaning. If we take céordinate axes of a, y, z respectively 
parallel to 8, 8,, a, it becomes at once 

(a + my) — (y + ma)’ = pz, 
where m and p are constants; and shews that the locus is a 
hyperbolic paraboloid. Such transformations, which are exceed- 
ingly simple in all cases, will be of frequent use to the student 
who is proficient in Cartesian geometry, in the early stages of his 
study of quaternions. As he acquires a practical knowledge of 
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the new calculus, the need of such assistance will gradually cease 
to be felt. ] 

Simple as the above solution is, quaternions enable us to give one 
vastly simpler. For the problem may be thus stated—Mind the 
locus of the point whose distances from two given lines are equal. 
And, with the above notation, the equality of the perpendiculars is 
expressed (§ 214) by 

TV .(a—c) UB=TV.(a+c) UB,, 


which is easily seen to be equivalent to the equation obtained above. 


246. ‘Two spheres being given, shew that spheres which cut them 
at given angles cut at right angles another fixed sphere. 

If c be the distance between the centres of two spheres whose 
radii are a and 6, the cosine of the angle of intersection is evidently 

a+R—¢ 
2ab 
Hence, if a, a,, and p be the vectors of the centres, and a, a,, r the 
radii, of the two fixed, and of one of the variable, spheres; A and 
A, the angles of intersection, we have 
(p—a) +a° +7" =2arcos A, 
(op —4,)’+4,?+ 1° =2a,r cos A.,. 
Eliminating the first power of 7, we evidently must obtain a result 
such as 
(p—e/ +e +r°=0, 
where (by what precedes) ¢ is the vector of the centre, and e the 
radius, of a fixed sphere 
(pe) +e =0, 

which is cut at right angles by all the varying spheres. By effect- 


ing the elimination exactly we easily find e and e in terms of 
given quantities. 


247. If two vectors divide one another into parts a and —ea, 
p and — p, respectively, the lines joining the free ends meet in 
(1+ e) p—2ea 

l-e 


We may write this as 


y l+e 2, 
if eh Ria a ales 
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For another such pair of vectors, passing through the same 
point, we have, say, 

Jo=a+8,. 

Thus the plane quadrilateral, whose diagonals are made up 
respectively of the complete a and 8 vectors, will be projected (by 
lines from the point ue as a square on the plane of p, o, provided 

= To, and Spa=0. 

That is, provided 


Fe a Y= OF For! BL)? coves caescsevins (1) 
Ser ap ler Bye! (2). 
These equations obviously belong to spheres which intersect 
one another at ice angles. For the centres are at 


eet a2 Si — &'8,) and —4$(a,+8,). 
1 
Thus the Pat between the centres is 
6 +S, 
ip o( fF 6) 
TUR oy Pei 
and this is obviously less than the sum, and greater than the 
difference, of the radii 
é Y 
a an s(a4,—8,), and 7.4 (a,—£). 
1 1 
And because its square is equal to the sum of their squares, the 
spheres intersect at right angles. Hence 
The locus of the points, from which a plane (uncrossed) quadre- 
lateral can be projected as a square, 1s a circle whose centre vs in 
the plane of the quadrilateral, and whose plane is perpendicular to 
that plane. 


To find the points (if any) of this circle from which the quadri- 
lateral is seen as a square, we must introduce the additional 


conditions 
Sap=0, Sac=0 


or Sa (a+a,)=0, Sao(a+f,)=0 eeeeerenens (3). 
Hence the points lie on each of two spheres which pass through 
the origin :—i.e. the intersection of the diagonals. 
[If we eliminate » among the four equations (1), (2), (3), we 
find the condition 
S.(¢,— 8) (fit, + ¢,'8,) = 0 
This we leave to the student.] 
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Another mode of solving the last problem, viz. to find the pownts 
from which a given plane quadrilateral is seen as a square, consists 
in expressing that the four portions of the diagonals subtend equal 
angles, and that the planes containing them are at right angles to 
one another. t 

The first condition gives, with the notation of the beginning of 
this section, 


S.aU (a —a)=S.aU (w + ea) 


=S.aU (wo — 8) =S.aU (w+ fp)...... (4). 
The second condition is 
S.VaaVaB=0, 
or a SaB — SaaS Pa = 0.,...0.0r-s0 verneses (5), 


the cone whose cyclic normals are a, 8. 

[It will be excellent practice for the student to shew that (4) 
and (5) are equivalent to (1), (2), (8). Thus, in particular, the 
first equality in (4) 

S.alU (w—a)=S.a0U (w+ ea), 
is equivalent to the first of (3), viz. 
S.a(a+a,) =0.] 

It is obvious that the solution of the first problem in this 
section gives at once the means of solving the problem of projecting 
an ellipse into a circle, so that any given (internal) point may be 


projected as the centre of the circle. And numerous other con- 
sequences follow, which may be left to the reader. 


248, To inscribe in a given sphere a closed polygon, plane or 
gauche, whose sides shall be parallel respectively to each of a series 
of gwen vectors. 


Let Toe 
be the sphere, a, 8, ¥,...... , 7, 8 the vectors, n in number, and let 
Ps Parinse ee Pp,» be the vector-radii drawn to the angles of the polygon. 
Then Po — P,» = &,8, We., &e, 


From this, by operating by S.(p,+p,), we get 
Ps — py = 0 = Sap, + Sap,. 


Also 0 = Vap, — Vap,. 
Adding, we get O=ap,+ Kap, =ap,+p,a. 
Hence p,=— a "pa, 


or, if we please, Pp, =— ap," 
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[This might have been written down at once from the result of 
§ 105.] 
Similarly Ps=—B'pB=B"a"p,ap, &e. 
Thus, finally, since the polygon is closed, 
Posy = Pp = (—)* Oy... |e Ag Ril 1S ee ha 70. 
We may suppose the tensors of a, B...... n, @ to be each unity. 
Hence, if 


we have ce OW osc ks fa a Ag 
which is a known quaternion ; and thus our condition becomes 

pas eee | 

Pe (=) a p,4. 
This divides itself into two cases, according as n is an even or an 
odd number. 
If n be even, we have 
ap, = Po. 

Removing the common part p,Sa, we have 

Vp, Va =0. 
This gives one determinate direction, + Va, for p,; and shews that 


there are two, and only two, solutions. 
If m be odd, we have 


ap, = — Pp, 
which (operating, for instance, by S.p,) requires that we have 
Sa = 0, 


ie. that there may be a solution, a must be a vector. 


Hence Sap, = 0, 
and therefore p, may be drawn to any point in the great circle of 
the unit-sphere whose pole is on the vector a. 


249. To illustrate these results, let us take first the case of 

n=3. We must have 
S.aBy = 0, 

or the three given vectors must (as is obvious on other grounds) be 
parallel to one plane. Here ay, which lies in this plane, is (§ 106) 
the vector-tangent at the first corner of each of the inscribed tri- 
angles; and is obviously perpendicular to the vector drawn from 
the centre to that corner. 

If n =4, we have 


p, lV. aBy6, 
as might have been at once seen from § 106. 
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250. Hamilton has given (Lectures, p. 674 and Appendia« C.), 
an ingenious process by which the above investigation is rendered 
applicable to the more difficult problem in which each side of the 
inscribed polygon is to pass through a given point instead of being 
parallel to a given line. His process, which (see his Life, Vol. mL, 
pp. 88, 426) he evidently considered as a specially tough piece of 
analysis, depends upon the integration of a linear equation in 
finite differences. 

The gist of Hamilton’s method is (briefly) as follows (Lectures, 
§ 676): 

Let the (unit) vectors to the corners of the polygon be, as 
BDOVE; Pi, Pyneee Py: ASO lobo aGa.. 2 a, be the points through 
which the successive sides are to pass. The sides are respectively 
parallel to the vectors 


a, — Pp A, — Py» eS 2m — Pn» 
which correspond to a, £, 
7,= % — Pp 
= (a, Gm re) Vp 
Gs = (5 — Ps) Tp» &e. 


we have (as in that section), since the expressions are independent 
of the tensors of the qs, 


(ae PM 
One dade es 
ee Panes &e. 


These give, generally, (with the condition p,’? = —1) 
Barats rl Cart BBY Sona eran (Ly, 
where (Mes MAA ony heer 
Se One ee 


[We may easily eliminate s, by the use of the separable symbol D 
or 1+A, but this leads to a troublesome species of equation of 


second differences. Hamilton ingeniously avoids this by the use 
of biquaternions. | 


Putting « for the algebraic ./ —1, we have 
Tm a OS > (Gn ar t) Ce =a 8,,-1)s 


(where, as usual, we have a second equation by changing through- 
out the sign of ¢). 


The complete solution of this equation is, of course, obtained 
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at once in the form of a finite product. But it is sufficient to 
know some of its characteristic properties only. 


The squared tensor is 
T’r,,— T’s,,+ 208.7, Ks, =(T?a,,—1)(T’r 
so that, by equating real and imaginary parts, we have 
rn HT Sg (Pa, ~ 1) (Pr, — T's.) 
S.r,Ks,, =—(T'a,—1) 8.7, KSn_y 
But, by the value of ¢g, above, we have r,=a,, s,=1, so that 
Dam tS ( To — 1) (Ta, — 1). tans (T°a,—1), 


is rr 2uS.r ese), 


m-1 m-1 m—- 


S.r, Ks = 0. 
Thus it appears that we may write 
Jn =O + B+A(—1)" (C4) pyerreceececsenceees (2), 
with the condition 
PA US cog erih iran cise sees saa (3). 


But, if we write, putting ¢ instead of p, in q,, 


Q=b+B+(-1)*C+ 4 
we have - Q=r-+ ms, suppose, 


where » and yw are real vectors whose values can be calculated 
from the data. And we now have 
Past =P =(— 1)"(1 ++ mp,) pL ++ wp,)* 
1+) ‘6 
1+r>+yp, * 
When n is odd, this gives at once 
(1 + Sup,) p, oir Srp, =0; 
which, since p, does not vanish, leads to the two equations 
Srp, = 0, 
Sup, =—l1. 
These planes intersect in a line, whose intersections with the unit- 
sphere give the possible extremities of the required first radius. 
When 7 is even, we have 
Vrp, =u + pSup, = V.p,Vep, 
or V.p,(’+Vup,) =0. (§ 199.) 
With the notation of (2) the condition (3) becomes 
Soa 
y—-p—1l 


ee 


be 
CU eret 
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For further details, see especially Appendices B and C to the 
Lectures. 

By an immediate application of the linear and vector function 
of Chapter V., the above solutions may be at once extended to any 
central surface of the second order. 


250*. The quaternions which Hamilton employed (as above) 
were such as change the radius to one corner of the polygon into 
that to the next by a conical rotation. It may be interesting and 
useful to the student to compare with Hamilton’s solution the 
following, which employs the quaternions which directly turn one 
side of the polygon to lie along the next. The successive sides are 
expressed as ratios of one of these quaternions to the next. 

Let p,, p,, &c., p, be (unit) vectors drawn from the centre of 
the sphere to the corners of the polygon; a,, a,,.-.a,, the points 
through which the successive sides are to pass. Then (by Euclid) 
we have 

(p= at,) (Oe d,) =1=F at,” = Ay suppose. 
(Ps mc at, ) (p, ial a) =1+ cae = a 
&e. = &e. 
(Pres a at,) (Pada) oe ice 0, = A,. 
These equations ensure that if the tensor of any one of the ps be 
unit, those of all the others shall also be units. Thus we have 


merely to eliminate p,,...,p,; and then remark that (for the 
closure of the polygon) we must have 


Pasa = Pr: 

That this elimination is possible we see from the fact already 
mentioned, which shews that the unknowns are virtually mere 
unit-vectors; while each separate equation contains coplanar 
vectors only. In other words, when p,, and a, are given, p,,, is 
determinate without ambiguity. 

We may now write the first of the equations thus :— 


(p, a a.) (p, = a,) cas A, oe (a, a a.,) (p, ‘7 a,) =4,, Suppose. 


Thus the angle of q, is the angle of the polygon itself, and in the 


same plane. By the help of the second of the above equations 
this becomes 


A, (p, ~ a.) a= (Pp, Py a.,) N> 


whence 
= A, (p: — 0) a (a, el a, aoe (Ps i as) 9, 
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By the third, this becomes 


(p, = a) q, = Avg, ; 
whence 


(Pp, hy at,) q; = Aq, + (a, = at,) V2 = Ws: 
The law of formation is now obvious; and, if we write 


Go = Pi: — %> 8, =a,—4,, f= a> 2, W&e., 


we have 
q; =, A, * Bq 
te PILE. IF iy atsscievinnnasv'sbaotidns ss (1); 
q3 = A of + Bo 
&e., 
We have also, generally, 
Pn ron An = Yat > 
m-2 
or 
Pan = a — A nid m-8 +t 4 pe = Pin-2 : suppose fs (2), 


Um-2 q m-2 Um-2 
From (1), and the value of q,, we see that all the values of q¢ 
are linear functions of p, of the form 
eter: Der a cena sh lin esd sy (3). 
By (2) P= Am Gn2 + &n ms 
=(L+ On) Ina + Sm {Ans Im-s + (m1 — An) Ina} 
= Yaa Hy (Ag 4 Ina + Mma Im-2) 
= Im-a + Am aa Le eres Mace Sern ef (4). 
Similarly 4... = Pm-2— %nUIn-2 
But the first equations in (1) give at once 
Pow 1 + 4,9, le 
G=—%+ Py , 
P= %&%- 4+ eo a 01,0,) Py or 2.= > PP: ; 
q, =1 + a,0,— (a,— ,) Pi Pr=+ GPs 


whence 


and 


This suggests that 
A CS eset (5). 


p= ( 4 ha Ge. P 
By (4) we have 


D4 Va a ae 
Ym = Pa — %m m2" 
Let m be odd, then we should have by (5) 
Dm» = A+ Bp,, 
Gna — Ap,; 
Weg RSA 13 
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whence Dy = B- Ap, + &n(A + Bp,), 
Ca A a Bp, — ay, (B a Ap.) ; 
or 


Pya= Bt a A—(A—a,,B) P1> 


m 


Fn. =A— tm B+ (B +4,,A) p,- 
These agree with (5), because m—1 is even. And similarly we 
may prove the proposition when m is even. 
If now, in (2), we put n+ 1 for m, we have 
Pasa = Pa = ee 
= cS Dp, 
~ D+Cp, 
Cand D being quaternions to be calculated (as above) from the 
data. The two cases require to be developed separately. 
Take first the odd polygon :— 
then pD + p,Cp, =C—Dp,, 
or p; (dF 8) +p (o-+y) p= 6 yd + 0) ps 
if we exhibit the scalar and vector parts of the quaternions C’ and 
D. Cutting out the parts which cancel one another, and dividing 
by 2, this becomes 


if n be even, 


if n be odd, 


dp, a Sép, + pSyp, aes 0, 
which, as p is finite, divides itself at once into the two equations 
Syp, +d=0, 
Sop, —c=0. 
These planes intersect in a line which, by its intersections (if real) 
with the sphere, gives two possible positions of the first corner of 
the polygon. 
For the even polygon we have 
PD = p,Cp, oF C+ Dp,, 
or Vee—y—p Syp.— 0; 
which may be written 
V.p, (6 — Vyp,) = 0. 
This equation gives, as in § 199 above, 
1 (Syd 
pPi=(e@+y) ates ot 8), 
where @ is to be found from 


x Bie, y — Bole ie 8, 
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The two values of 2 have opposite signs. Hence there are two 
real values of «, equal and with opposite signs, giving two real 
points on the sphere. Thus this case of the problem is always 
possible. 


251. To find the equation of a cone of revolution, whose vertex 
is the origin. 


Suppose a, where 7a=1, to be its axis, and e the cosine of its 
semi-vertical angle; then, if p be the vector of any point in the 
cone, 


or Sap = — e’p”. 
252. Change the origin to the point in the axis whose vector 
is wa, and the equation becomes 
(—a+ Sav) =—e (a2a+ ca). 
Let the radius of the section of the cone made by 
Sawa = 0 


retain a constant value b, while w changes ; this necessitates 


so that when « is infinite, e is unity. In this case the equation 
becomes 
Vac +a’+l?=0, 
which must therefore be the equation of a circular cylinder of 
radius b, whose axis is the vector a. To verify this we have only 
to notice that if a be the vector of a point of such a cylinder we 
must (§ 214) have 
T Vac =b, 


which is the same equation as that above. 


253. To find, generally, the equation of a cone which has a 
circular section :— 


Take the origin as vertex, and let the circular section be the 
intersection of the plane 
Sap =1 
with the sphere (passing through the origin) 


p = SBp. 
13—2 
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These equations may be written thus, 


it 
Sa, = 7h? 
P Tp 

SB Up =—Tp. 


Hence, eliminating 7’p by multiplying the right, and left, members 
together, we find the following equation which Up must satisfy— 
SaUpSBUp = —1, 

or p — SapSBp = 0, 
which is therefore the required equation of the cone. 

As a and 8 are similarly involved, the mere form of this 
equation proves the existence of the subcontrary section dis- 
covered by Apollonius. 


254. The equation just obtained may be written 
il 
S.UaUpS.UB Up=—->— 
att BaP He sete se 
or, since a and f are perpendicular to the cyclic planes (§ 59*), 
sin p sin p’ = constant, 
where p and p’ are arcs drawn from any point of a spherical conic 


perpendicular to the cyclic arcs. This is a well-known property of 
such curves. 


255. IRf we cut the cyclic cone by any plane passing through 

the origin, as 
Syp = 0, 
then Vay and Vy are the traces on the cyclic planes, so that 
p=a2UVay+yUVBy (§ 24). 
Substitute in the equation of the cone, and we get 
—av—y'+ Pay =0, 

where P is a known scalar. Hence the values of # and y are the 
same pair of numbers. This is a very elementary proof of the 
proposition in § 59*, that PL = MQ (in the last figure of that 
section). 


256. When «and y are equal, the transversal are becomes a 
tangent to the spherical conic, and is evidently bisected at the 
point of contact. Here we have 


Pale 2s verU eee 
EMCEE ipa ce 
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This is the equation of the cone whose sides are perpendiculars 
(through the origin) to the planes which touch the cyclic cone, 
and from this property the same equation may readily be deduced. 


257. It may be well to observe that the property of the 
Stereographic projection of the sphere, viz. that the projection of 
a circle is a circle, is an immediate consequence of the above form 
of the equation of a cyclic cone. 

258. That § 253 gives the most general form of the equation 
of a cone of the second degree, when the vertex is taken as origin, 
follows from the early results of next Chapter. For it is shewn 


in § 263 that the equation of a cone of the second degree can 
always be put in the form 


2%. Sap Sp + Ap’? = 0. 
This may be written Spdp = 0, 
where ¢ is the self-conjugate lmear and vector function 
gp ==XV.apB+ (A + =Sa8) p. 
By § 180 this may be transformed to 
pp =pp + V.Xopp, 
and the general equation of the cone becomes 
(p—Sr) p* + 2Srp Sup = 0, 
which is the form obtained in § 253. 
259. ‘Taking the form 
Sphp = 0 
as the simplest, we find by differentiation 
Sdpdp + Spddp = 0, 
or 2Sdpdp = 0. 
Hence ¢p is perpendicular to the tangent-plane at the extremity 


of p. The equation of this plane is therefore (@ being the vector 
of any point in it) 


Shp (= — p) = 0, 
or, by the equation of the cone, 
Sadp = 0. 


260. The equation of the cone of normals to the tangent-planes 
of a given cone can be easily formed from that of the cone rtself. 
For we may write the equation of the cone in the form 


S. ppp dp =0; 
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and if we put dp=a, a vector of the new cone, the equation 
becomes 

Sop ‘ao = 0. 
Numerous curious properties of these connected cones, and of the 
corresponding spherical conics, follow at once from these equations. 
But we must leave them to the reader. 


261. As a final example, let us find the equation of a cyclic 
cone when five of its vector-sides are given—t.e. find the cone of the 
second degree whose vertex is the origin, and on whose surface he 
the vectors a, B, y, 6, € 

If we write, after Hamilton, 

0=S.V (VaB Vee) V (VBy Vep)V (VydVpa).........(1) 
we have the equation of a cone whose vertex is the origin—for the 
equation is not altered by putting wp for p. Also it is the equation 
of a cone of the second degree, since p occurs only twice. Moreover 
the vectors a, 8, y, 6, « are sides of the cone, because if any one 
of them be put for p the equation is satisfied, Thus if we put 
B for p the equation becomes 


0=S.V (VaBVoe)V (VByVeB)V (VydV Ba) 
=S.V (VaBVbe) {VBaS .VydVByVeB— VydS .VBaV By VeB}. 
The first term vanishes because 
S.V (VaB Vee) Va =0, 
and the second because 
S.VBaVByVe8 = 0, 
since the three vectors VBa, VBy, VeB, being each at right angles 
to 8, must be in one plane. 

As is remarked by Hamilton, this is a very simple proof of 
Pascal’s Theorem—for (1) is the condition that the intersections of 
the planes of a, 8 and 6,¢€; 8, y and e, p; y, 6 and p, a; shall lie 
in one plane; or, making the statement for any plane section of 
the cone :—In order that the points of intersection of the three pairs 


of opposite sides, of w hexagon inscribed in a curve, may always lie 
in one straight line, the curve must be a conic section. 
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EXAMPLES TO CHAPTER VIII. 


1. On the vector of a point P in the plane 
Sap = 1 
a point @ is taken, such that QO .OP is constant; find the equation 
of the locus of Q. 


2. What spheres cut the loci of P and Q in (1) so that both 
circles of intersection lie on a cone whose vertex is 0 2 


3. A sphere touches a fixed plane, and cuts a fixed sphere. 
If the point of contact with the plane be given, the plane of the 
intersection of the spheres contains a fixed line. 

Find the locus of the centre of the variable sphere, if the plane 
of its intersection with the fixed sphere passes through a given 
point. 


4. Find the radii of the spheres which touch, simultaneously, 
the four given planes 


Sap =0, SBp =0, Syp = 0, Sop =1. 
[What is the volume of: the tetrahedron enclosed by these planes ?] 
5. Ifa moveable line, passing through the origin, make with 
any number of fixed lines angles @, 6,, 8,, &c., such that 
acos@+a,cos6,+...... = constant, 


where @, Gy,...... are constant scalars, the line describes a right cone. 


6. Determine the conditions that 


Spohp = 0 
may represent a right cone, ¢ being as in § 258. 


7. What property of a cone (or of a spherical conic) is given 
directly by the following particular form of its equation, 
S.tpxp = 0? 
8, What are the conditions that the surfaces represented by 
Sp¢dp=0, and S.upxp=0, 


may degenerate into pairs of planes ? 


200 QUATERNIONS. 


9. If arcs of great circles, drawn from any given point of a 
sphere to a fixed great circle, be bisected, find the locus of these 
middle points; and shew that the ares drawn from the pole of this 
fixed great circle, to that of which the given point is pole, are also 
bisected by the same locus. 


10. Find the locus of the vertices of all right cones which 
have a common ellipse as base. : 


11. Two right circular cones have their axes parallel. Find 
the orthogonal projection of their curve of intersection on the 
plane containing their axes. 


12. Two spheres being given in magnitude and position, every 
sphere which intersects them in given angles will touch two other 
fixed spheres and cut a third at right angles. 


13. If a sphere be placed on a table, the breadth of the 
elliptic shadow formed by rays diverging from a fixed point is 
independent of the position of the sphere. 


14. Form the equation of the cylinder which has a given 
circular section, and a given axis. Find the direction of the 
normal to the subcontrary section. 


15. Given the base of a spherical triangle, and the product of 
the cosines of the sides, the locus of the vertex is a spherical conic, 
the poles of whose cyclic arcs are the extremities of the given 
base. 


16. (Hamilton, Bishop Law’s Premium Eux., 1858.) 
(a) What property of a sphero-conic is most immediately 
indicated by the equation 
ge g8a17 


Pp 
(b) The equation 


(Vrp)’ + (Spp)* = 0 
also represents a cone of the second order; 2 is a focal line, and 
is perpendicular to the director-plane corresponding. 
(c) What property of a sphero-conic does the equation most 
immediately indicate ? 


17. Shew that the areas of all triangles, bounded by a tangent 
to a spherical conic and by the cyclic ares, are equal. 
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2 ; ' 

18. Shew that the locus of a point, the sum of whose arcual 
distances from two given points on a sphere is constant, is a 
spherical conic. 


19. If two tangent planes be drawn to a cyclic cone, the four 
lines in which they intersect the cyclic planes are sides of a right 
cone, 


20. Find the equation of the cone whose sides are the 
intersections of pairs of mutually perpendicular tangent planes 
to a given cyclic cone. 

21. Find the condition that five given points may lie on a 
sphere. 

22. What is the surface denoted by the equation 

p° = xa - yB? 4 an’, 
where p=wat+yP+-2, 
a, 8, y being given vectors, and a, y, z variable scalars ? 


Express the equation of the surface in terms of p, a, 8, y alone. 


23. Find the equation of the cone whose sides bisect the 
angles between a fixed line, and any line in a given plane, which 
meets the fixed line. 

What property of a spherical conic is most directly given 
by this result ? 


CHAPTER IX. 
SURFACES OF THE SECOND DEGREE. 


262. THE general scalar equation of the second degree in a 
vector p must evidently contain a term independent of p, terms of 
the form S.apb involving p to the first degree, and others of the 
form S.apbpc involving p to the second degree, a, b, c, &c. being 
constant quaternions. Now the term S.apb may be written as 

Sp V (ba), 
or as 

S.(Sa+ Va) p (Sb + Vb) = SaSpVb+4+ SbSpVa+8.pVbVa, 
each of which may evidently be put in the form Syp, where y¥ is 
a known vector. 


Similarly * the term S.apbpc may be reduced to a set of terms, 
each of which has one of the forms 


Ap’, (Sap), SapS8p, 
the second being merely a particular case of the third. Thus (the 


numerical factors 2 being introduced for convenience) we may 
write the general scalar equation of the second degree as follows:— 


22,.SapS8p + Ap’ + 2Syp = C.........00005. (1). 
263. Change the origin to D where OD =8, then p becomes 
p +6, and the equation takes the form 


25. SapSBp + Ap* + 22 (SapSBs + SBpSad) + 2A S8p + 2 Syp 
+ 22. Sad885 + AS’ + 2875 —-C=0; 


* For S.apbpc=S . capbp=S . a'pbp=(2Sa'Sb — Sa'b) p? + 2Sa'pSbp ; and in parti- 
cular cases we may have Va'=Vb. 
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from which the first power of p disappears, that is the surface is 
referred to its centre, if 
> (aS8S + BSad) + AS +y =O. cceceseeeee (2), 
a vector equation of the first degree, which in general gives 
a single definite value for 6, by the processes of Chapter V. [It 
would lead us beyond the limits of an elementary treatise to 
consider the special cases in which (2) represents a line, or a plane, 
any point of which is a centre of the surface. The processes to be 
employed in such special cases have been amply illustrated in the 
Chapter referred to. ] 
With this value of 6, and putting 
D=C — 285 — AS’ — 25 . SadS88, 
the equation becomes 
2= . SapS8p + Ap’ = D. 

If D=0, the surface is conical (a case treated in last Chapter) ; 
if not, it is an ellipsoid or hyperboloid. Unless expressly stated 
not to be, the surface will, when D is not zero, be considered an 
ellipsoid. By this we avoid for the time some rather delicate 
considerations. 

By dividing by — D, and thus altering only the tensors of the 
constants, we see that the equation of central surfaces of the 
second degree, referred to the centre, is (excluding cones) 


ee (Seon Pp) tO p= — Len rsecwsewenestadoas (3). 


[It is convenient to use the negative sign in the right-hand 
member, as this ensures that the important vector dp (which we 
must soon introduce) shall make an acute angle with p; i.e. be 
drawn, on the whole, towards the same parts. ] 


264. Differentiating, we obtain 
2% {SadpS8p + SapSBdp} + 2qSpdp = 0, 
or S.dp {= (aSPp + BSap) + gp} = 9, 
and therefore, by § 144, the tangent plane is 
S(@ —p) {= (aSBp + BSap) + gp} = 9, 


Le. S.a {> (aSBp + BSap) + gp} =—1, by (3). 
Hence, if y => (aSBp + BSap) + 9p.....seccevcrovees (4), 
the tangent plane is Sva=—1, 


and the surface itself is Svp =—1. 
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And, as —v? (being perpendicular to the tangent plane, and 
satisfying its equation) is evidently the vector-perpendicular from 
the origin on the tangent plane, v is called the vector of prowimity. 


265. Hamilton uses for v, which is obviously a linear and 
vector function of p, the notation dp, ¢ expressing a functional 
operator, as in Chapter V. But, for the sake of clearness, we will 
go over part of the ground again, especially in the interests of 
students who have mastered only the more elementary parts of 
that Chapter. 


We have, then, op = = (aSBp+ BSap) + gp. 
With this definition of ¢, it is easy to see that 
(a) d(p+o)=¢p+ de, &c., for any two or more vectors. 
(b) ¢ (ap) = ap, a particular case of (a), x being a scalar. 
(c) dp = > (dp). 
(d) Sofp=% (Sac SBp + SBa Sap) + gSpo = Spode, 
or ¢ is, in this case, self-conjugate. 
This last property is of great importance in what follows. 


266. Thus the general equation of central surfaces of the 
second degree (excluding cones) may now be written 


Spdp = — Lane an jae ee ee GL): 
Differentiating, Sdpdp + Spddp = 0, 
which, by applying (c) and then (d) to the last term on the left, 


gives 


2Sdpdp = 0, 


and therefore, as in § 264, though now much more simply, the 
tangent plane at the extremity of p 1s 


S (a — p) dp =9, 


or Sadp =Spdp =— 1. 

If this pass through A (OA =a), we have 
Sadp = — 1, 

or, by (d), Spgda = — 1, 


for all possible points of contact. 
This is therefore the equation of the plane of contact of tangent 
planes drawn from A, 
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ea) 


267. To find the enveloping cone whose vertex is A, notice that 
(Spdp + 1) + p (Spat 1)* = 0, 
where p is any scalar, is the equation of a surface of the second 
degree touching the ellipsoid along its intersection with the plane. 
If this pass through A we have 
(Sapa + 1) + p (Sapa+1)°=0, 
and p is found. Then our equation becomes 
(Spdp + 1) (Saha +1) —(Spha +1)? =0......... (1), 
which is the cone required. To assure ourselves of this, transfer 
the origin to A, by putting p+a for p. The result is, using (a) 
and (d), 
(Spdp + 2Spha + Sada + 1) (Sada +1) —(Spha+ Sada + 1)°=0, 

or Spdp (Saga+ 1) — (Spga)*=0, 
which is homogeneous in 7p, and is therefore the equation of a 
cone. 

[In the special case when A lies on the surface, we have 

Sagda+1=0, 
and the value of p is infinite. But this is not a case of failure, for 
the enveloping cone degenerates into the tangent plane 
Spda+1=0.] 
Suppose A infinitely distant, then we may put in (1) a for a, 


where a is infinitely great, and, omitting all but the higher terms, 
the equation of the cylinder formed by tangent lines parallel to a is 


(Spdp + 1) Sapa — (Spda)” = 0. 
See, on this matter, Ex. 21 at end of Chapter. 


268. To study the nature of the surface more closely, let us 
find the locus of the middle points of a system of parallel chords. 

Let them be parallel to a, then, if a be the vector of the middle 
point of one of them, a +a and w—~a are values of p which 
ought simultaneously to satisfy (1) of § 266. 


That is S.(a +a) $ (s+ aa)=—1. 
Hence, by (a) and (d), as before, 
Sada + a°*Sabda=—1, 
Sore = ON ieee bee leas. (1). 
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The latter equation shews that the locus of the extremity of a, 
the middle point of a chord parallel to a, is a plane through the 
centre, whose normal is ¢a; that is, a plane parallel to the tangent 
plane at the point where OA cuts the surface. And (d) shews that 
this relation is reciprocal—so that if 8 be any value of a, 1e. be 
any vector in the plane (1), a will be a vector in a diametral plane 
which bisects all chords parallel to 8. The equations of these 
planes are 


Sada = 0, 
Sad = 0, 
so that if V. dadB8 =x (suppose) is their line of intersection, we have 
Syga = 0= Sapy 
Sybh ==0 = Shay anderen esas (2). 
and (1) gives SBda=0 = SapB 


Hence there is an infinite number of sets of three vectors a, B, ¥, 
such that all chords parallel to any one are bisected by the diametral 
plane containing the other two. 


269. It is evident from § 23 that any vector may be expressed 
as a linear function of any three others not in the same plane; let 
then 


p=#at+yB + 2y, 
where, by last section, 


SapB = SBda = 0, 
Sady = Sypa = 0, 
SPoy = SyfB = 0. 


And let Sapa =—1 
Sypy=—1 


so that a, 8, and y are vector conjugate semi-diameters of the 
surface we are engaged on. 
Substituting the above value of p in the equation of the surface, 


and attending to the equations in a, 8, y and to (a), (b), and (d) 
we have 


’ 


Sppp = S(aat yB + 2y) $ (aa t+ yB + 2y), 
=—(¢@+y'42*)=-1. 
To transform this equation to Cartesian cdordinates, we notice that 
w is the ratio which the projection of p on a bears to a itself, &e, 
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If therefore we take the conjugate diameters as axes of E, n, € and 
their lengths as a, b, c, the above equation becomes at once 
2 2 2 
peer & 
ee 


> 


the ordinary equation of the ellipsoid referred to conjugate 
diameters. 


270. If we write y’ instead of ¢, these equations assume an 
interesting form. We take for granted, what we shall afterwards 
prove, that this extraction of the square root of the vector function 
is lawful, and that the new linear and vector function has the same 
properties (a), (b), (c), (d) (§ 265) as the old. The equation of the 
surface now becomes 


Spy"p =—1, 
or Shpyp=—1, 
or, finally, Tp =1. 
If we compare this with the equation of the unit-sphere 
Jpel, 


we see at once the analogy between the two surfaces. The sphere 
can be changed into the ellipsoid, or vice versd, by a linear deforma- 
tion of each vector, the operator being the function or its inverse. 
See the Chapter on Kinematics. 


271. Equations (2) § 268, by § 270 become 


So?B = 0 = SWawWB, &C...cccceccecceseees (1), 


so that wa, WS, Wy, the vectors of the unit-sphere which correspond 
to semi-conjugate diameters of the ellipsoid, form a rectangular 
system. 

We may remark here, that, as the equation of the ellipsoid 
referred to its principal axes is a case of § 269, we may now suppose 
7, j, and k to have these directions, and the equation is 

2 2 2 

Bt et enh 
which, in quaternions, is 

(Sip)” _ (Sjp)’ _ (Skp)* _ 
Oe = aaa 

We here tacitly assume the existence of such axes, but in all cases, 
by the help of Hamilton’s method, developed in Chapter V., we at 
once arrive at the cubic equation which gives them. 
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It is evident from the last-written equation that 
__ (Sip , Sie ae) 
gp i ( a? al bt i C ? 


USt iSjo  kSkp 


d 


which latter may be easily proved by shewing that 


v'p = $p- 
And this expression enables us to verify the assertion of last section 
about the properties of ap. 

As Sip=—a, &e., a, y, z being the Cartesian céordinates 
referred to the principal axes, we have now the means of at once 
transforming any quaternion result connected with the ellipsoid 
into the ordinary one. 


272. Before proceeding to other forms of the equation of the 
ellipsoid, we may use those already given in solving a few problems. 

Find the locus of a point when the perpendicular from the centre 
on its polar plane is of constant length. 

If a be the vector of the point, the polar plane is 

Spoda=— 1, 
and the length of the perpendicular from O is a (§ 264). 
coy 


Hence the required locus is 
Toa =C, 
or Sadia =— 0", 
a concentric ellipsoid, with its axes in the same directions as those 
of the first. By § 271 its Cartesian equation is 
p2 2 2 
Eee yak tee . 
ones ae 
Le Oe Fes 
273. Find the locus of a point whose distance from a given point 
as always in a given ratio to its distance from a given line 


Let p=«8 be the given line, and A (OA =a) the given point, 
and choose the origin so that Sa8=0. Then for any one of the 
required points 

Tip—@) =el Veo. 
This is the equation of a surface of the second degree, which may 
be written 
p — 2Sap + a” = e (S*Bp — B’o”). 
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Let the centre be at 6, and make it the origin, then 
p+ 2Sp (8—a) + (6—a)* =e {S*. 8 (p + 8)—B* (p + 6)}, 
and, that the first power of p may disappear, 
(6 —a) =e (BSB5 — f*S), 
a linear equation for 6. To solve it, note that Sa8 =0; operate by 
S.B, and we get 
(1 —e’8? + eB") SBS = SBS =0. 


Hence d—a=— ep, 
a 
or 8 ae ees 
l+es 
Referred to this point as origin the equation becomes 
Ba 


(1 +8") p’— &S*Bp + 0, 


hee" 
which shews that it belongs to a surface of revolution (of the 
second degree) whose axis is parallel to 8, since its intersection 
with a plane S8p=a, perpendicular to that axis, lies also on the 
sphere 
\ ee é Bra 
PT 1+eR +68)" 

In fact, if the point be the focus of any meridian section of an 

oblate spheroid, the line is the directrix of the same. 


274. A sphere, passing through the centre of an ellipsoid, is cut 
by a series of spheres whose centres are on the ellipsoid and which 
pass through the centre thereof; find the envelop of the planes of 
intersection. 

Let (p — a)" =a’ be the first sphere, Le. 


p — 2Sap = 0. 

One of the others is p —2Sap =0, 
where Sogo =—1. 
The plane of intersection is 

| S (a —a)p=0. 
Hence, for the envelop (see next Chapter), 

ac . of , where ow’ =da, 

or da=ap, {Vae=0}, 


1.e. a=x#p 'p. 
Oa, 14 
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Hence x Spp'p=—l 
and «Sp 'p = Sap 
and, eliminating 2, 


Spdp = — (Sapy, 


a cone of the second degree. 


275. From a point in the outer of two concentric ellipsoids a 
tangent cone is drawn to the inner, find the envelop of the plane of 
contact. 

If Sopa =—1 be the outer, and Spyp=—1 be the inner, ¢ 
and wW being any two self-conjugate linear and vector functions, 
the plane of contact is 


Soawp=— 1. 
Hence, for the envelop, Sap = 5 

Sa'da =0)’ 
therefore pa = ap, 
or a=xh Wo. 
This gives | aS rod “bp =— if 
and “aS wed wWwp=—1)’ 
and therefore, eliminating a, 

S.vpp'yvp=—1, 

or S. pe vp =— 1, 


another concentric ellipsoid, as rod “yp is a linear and vector function 
=y suppose; so that the equation may be written 
Spxp =—1. 
276. Find the locus of intersection of tangent planes at the 
extremities of conjugate diameters. 
If a, 8, y be the vector semi-diameters, the planes are 


Say'a=—1 
Soy'B=—1}, 
Soy =-1 


with the conditions § 271. 
Hence —WPaS. papByy =o = a+ wh + wy, by § 92, 
therefore Tyo = 1/8, 


since Wa, 8, Wy form a rectangular system of unit-vectors. 
This may also evidently be written 


Sawa =— 
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shewing that the locus is similar and similarly situated to the given 
ellipsoid, but larger in the ratio ./3 : 1. 


277. Find the locus of intersection of three tangent planes 
mutually at right angles. 
If p be the point of contact, 
Sov'p=-1 
is the equation of the tangent plane. 
The vector perpendicular from the origin is (§ 264) 


es = va, Suppose, 
p 


where a is a unit-vector. This gives 


vp =a/a; 


whence, by the equation of the ellipsoid, 


1 9 
me Saya = Spvr'p om ile 
Thus the perpendicular is 
a! —Sap a =aTy a. 
The sum of the squares of these, corresponding to a rectangular 
unit-system, is 
— > Sapa =m,, 
by § 185. See also § 279. 


278. Find the locus of the intersection of three spheres whose 
diameters are semi-conjugate diameters of an ellipsoid. 


If a be one of the semi-conjugate diameters 


Sava =—1. 
And the corresponding sphere is 
p — Sap = 0, 
or p’ —Srray"p = 0, 


with similar equations in 8 and y. Hence, by § 92, 
Y'pS. pavByy=—¥'p =p (rat vB +r), 

and, taking tensors, Typ =V/3Tp", 

or Typ =N"3, 

or, finally, Sp “p = — 39%. 


This is Fresnel’s Surface of Elasticity, Chap. XII. 
14—2 
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279. Before going farther we may prove some useful properties 
of the function ¢ in the form we are at present using—viz. 


“Sip  iSjp  kSk 
gpa — (OP dP SP). 


b Cc 
We have p =—tWip —jSjp — kSkp, 
and it is evident that 
et uate) k 
gia, Pirie, $h= a. 


a Cc 


ip — (8 die, Ste) 
Hence f’p ( 7 Ss : He zee 
Also pp =— (wiSip + by Sjp + PkSkp), 
and so on. 


Again, if a, 8B, y be any rectangular unit-vectors 


Sepes (Cb ey 


a” b* ¢ 
&e, = &e, 
But as (Sip)’ + (Sjp)’ + (Skp)y = — p’, 
we have Sada + SBPB + Sydy = — ie + : + ‘ 
Similarly 
Sugia + SB"B + Sry = ($a) + ($8) + ($= — (2+ j.+2)- 
Again, t tn 
S. pabSdy =—S. (‘= fa a (ee + 3) (“2 _ .) 
a a 
_| Sta Sja Ska | 1 | Sta, Sja, Ska | _ 1 
OO A abe aac et Sj8, SkB| abe 
Ms Wig) 100s Siy, Sjy, Shy 
OP at ase 
Siy Sy Soy 
Cae, Oe Cs 


And so on. These elementary investigations are given here for 
the benefit of those who have not read Chapter V. The student 
may easily obtain all such results in a far more simple manner by 
means of the formulae of that Chapter. 


280. Find the locus of intersection of a rectangular system of 
three tangents to an ellipsoid. ; 


If a be the vector of the point of intersection, a, B, y the 
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tangents, then, since «+a must give equal values of « when 
substituted in the equation of the surface, so that 

S(a+ va) b(a+aa)=—1, 
or «Sapa + 2aSaga+ (Sada +1) =0, 
we have (Sada)’ = Sapa (Sada +1). 
Adding this to the two similar equations in 8 and y, we have 
(Sager)'+ (S8ha)*+ (Sybar)*= (Sapa + $848 + Syby) (Serdar + 1), 


ere eT... 
or hele 


Ea Lasky! j Miata 
an ellipsoid concentric with the first. 


281. Lf a rectangular system of chords be drawn through any 
point within an ellipsoid, the sum of the reciprocals of the rectangles 
under the segments into which they are divided is constant. 

With the notation of the solution of the preceding problem, a 

giving the intersection of the vectors, it is evident that the 
product of the values of « is one of the rectangles in question 
taken negatively. 

Hence the required sum is 


_ Sapa r 
Sada +1 Sat + i ; 
This evidently depends on Sa¢a only and not on the particular 
directions of a, 8, y: and is therefore unaltered if a be the vector 
of any point of an ellipsoid similar, and similarly situated, to the 
given one. [The expression is interpretable even if the point be 
exterior to the ellipsoid. } 


282. Shew that if any rectangular system of three vectors be 
drawn from a point of an ellipsoid, the plane containing their other 
extremities passes through a fiwed point. Find the locus of the 
latter point as the former varies. 

With the same notation as before, we have 


Sada =—1, 
and S(o+aa)¢(o+aa)=—-1; 


therefore 0 =a ree 
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Hence the required plane passes through the extremity of 


and those of two other vectors similarly determined. It therefore 
(see § 30) passes through the point whose vector is 


daw 9 Sade + BSBb=a + ySyber, 
ae Sapa+ SBP8 + Syoby 
or G=a— “2 (§ 185). 


Thus the first part of the eee is proved. 
But we have also oa ($ — 3) 6, 
whence by the acl of the ellipsoid we obtain 
rs TL ue es = 
8.0(6-3) 6(6-9) 6 
the equation of a concentric ellipsoid. 


283. Hind the directions of the three vectors which are parallel - 
to a set of conjugate diameters in each of two central surfaces of the 
second degree. 


Transferring the centres of both to the origin, let their equations 


be 
Sp¢p =—1 or 0 
and Spvp=—1 or 0 


If a, 8, y be vectors in the required directions, we must have (§ 268) 
Sap = 0, Saye =0 
SBoy=0,  SBpy = | 
Sypa = 0, Syya =0 
From these equations ga|| VBy || ya, &e. 


Hence the three required directions are the roots of 


This is evident on other grounds, for it means that ¢f one of the 
surfaces expand or contract uniformly till it meets the other, tt will 
touch at successively at points on the three sought vectors. 


We may put (3) in either of the following forms— 


V. pp bp =0 
or V. py dp =0 
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and, as ¢ and y are given functions, we find the solutions (when 
they are all real, so that the problem is possible) by the processes 
of Chapter V. 

[Wote. As d'y and y"¢ are not, in general, self-conjugate 
functions, equations (4) do not signify that a, 8, y are vectors 
parallel to the principal axes of the surfaces 


S. po wp =—1, S.py'dp=—1. 
In these equations it does not matter whether $y is self-conjugate 
or not; but it does most particularly matter when, as in (4), they 
are involved in such a manner that their non-conjugate parts do 
not vanish. ] 

Given two surfaces of the second degree, which have parallel 
conjugate diameters, every surface of the second degree passing 
through their intersection has conjugate diameters parallel to these. 

For any surface of the second degree through the intersection 
of 

Spdp=—1 and S(p—a)p(p—a)=—e, 
is SSppp —S(p—4) vp (p—a)=e-f, 
where e and f are scalars, of which f is variable. 

The axes of this depend only on the term 


Sp (fo-W)p- 
Hence the set of conjugate diameters which are the same in all 
are parallel to the roots of 
Vifo—v)p fo-—v)p=9, or Vopyp=0, 
as we might have seen without analysis. 
The locus of the centres is given by the equation 


(p—fh)p—ya=9, 
where f is a scalar variable. 
284. Find the equation of the ellipsoid of which three conjugate 


semi-diameters are gwen. 
Let the vector semi-diameters be a, 8, y, and let 


Spop =—1 
be the equation of the ellipsoid. Then (§ 269) we have 
Sada =— 1, SapB = 0, 
SBPB=— 1, SBpy = 0, 


Sy¢y =-1, Sypa =0; 
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the six scalar conditions requisite (§178) for the determination of - 
the self-conjugate linear and vector function @. 


They give a || VpPpy, 
or ca=hp' VBy. 
Hence —x=x2Sapa=S.aBy, 


and similarly for the other combinations. Thus, as we have 


pS. aby =aS. Byp + BS. yap + yS. aBp, 


we find at once 
— dpS?. aby = VByS.Byp + VyaS . yap + VaBS.aBp ; 


and the required equation may be put in the form 


S? aby =S’.a8p +8". Byp +8’. yap. 
The immediate interpretation is that if four tetrahedra be formed 
by grouping, three and three, a set of semi-conjugate vector axes of 
an ellipsoid and any fourth vector of the surface, the sum of the 
squares of the volumes of three of these tetrahedra is equal to the 
square of the volume of the fourth. 


285, A line moves with three of its points in given planes, find 
the locus of any fourth povnt. 
Let a, b, ¢ be the distances of the three points from the fourth, 
a, 8, y unit-vectors perpendicular to the planes respectively. If p 
be the vector of the fourth point, referred to the point of inter- 
section of the planes, and o@ a unit-vector parallel to the line, we 
have at once 
S.a(p—ac)=0, 
S.B(p—be) =0, 
S.¥ (p —co) =0. 
Thus 
“ Ve Va 
oS. aBy = Ls Sap + — SBp + Pa Su, 


The condition 7a = 1 gives the equation of an ellipsoid referred to 
its centre. 


We may write the equation in the form 
pSaBy = aV By Sac + bVyaSBo + cVaBSyo 
= do . SaPy, suppose, 
and from this we find at once for the volume of the ellipsoid 


PUP RO'Y 
5 cya = T abe ; 
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altogether independent of the relative inclinations of the three 
planes. This curious extension of a theorem of Monge is due to 
Booth. 


286. We see from § 270 that (as in §31 (m)) we can write the 
equation of an ellipsoid in the elegant form 


p= $e, 
where ¢ is a self-conjugate linear and vector function, and we 
impose the condition 

fe=1l, 
Hence, when the same ellipsoid is displaced by translation and 
rotation, by §119 we may write its equation as 

p= 6+ qbeq’, 

with the condition that ¢ is still a unit-vector. 


Where it touches a plane perpendicular to 7, we must have 
simultaneously, 


> 


0O=S.wpeq' =S.q ighe 

and O= Bee. 
Hence e =— Ud (q“tq) 
at the point of contact ; and, if the plane touched be that of jk, 

0= 8d—S. g iqhU$ (¢“q), 
or - 0=Sid+ Th (79). 
Thus, if we write 

qiq=a, Tjq=B, Tkq=%, 


§=+71Tba+jTPh + kT hy, 
which gives the possible positions of the centre of a given ellipsoid 
when it is made to touch the fixed coordinate planes. 

We see by § 279 that 76 is constant. And it forms an 
interesting, though very simple, problem, to find the region of 
this spherical surface to which the position of the centre of the 
ellipsoid is confined. This, of course, involves giving to a, f, ¥ 
all possible values as a rectangular unit system. 


we have 


287. For an investigation of the regions, on each of the 
céordinate planes, within which the point of contact is confined, 
see a quaternion paper by Plarr (Trans. R. S. H. 1887). The 
difficulty of this question lies almost entirely in the eliminations, 
which are of a very formidable character. Subjoined is a mere 
sketch of one mode of solution, based on the preceding section. 
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The value of p, at the point of contact with 


Sip = 0, 
is 5 — qb (Uda) 7”, 
or + S¢Toa+ LS. gq *igh( Uda), 
or, finally, . . é 
j(toe + ® FOP) 4k ( P67 + ge) 


Hence, in ordinary polar coordinates, the point of contact with 
the plane of jk is 


Tha 
eed eee oon ae 
rsin 6 = Toy + Ta | 
To find the boundary of the region within which the point of 
contact must le, we must make 7 a maximum or minimum, 0 
being constant, and a, 8, y being connected by the relations 
Te = BV 1 
ae ce a 
Differentiating (1) and (2), with the conditions 


res 8= 198 + Iga | 


dé =0, 
(because @ is taken as constant) and 
dr=0 


as the criterion of the maximum, we have eight equations which 
are linear and homogeneous in da, d8, dy. Eliminating the two 
latter among the seven equations which contain them, we have 


0 = Sda [(BSaB, + 8,) SBy, + (ySay, +.) SyB,]..--..(3) 
where 8B, =$(Uda— U¢8), 
7%, = $ (Uda — Udy), 


B= — 75,0 0V. bab, 


Y= + Téa pV. pag 'B. 


But we have also, as yet unemployed, 


OCG =) se ra ee entre (4) 
Conditions (3) and (4) give the two scalar equations 
0= (SB,8 = SB.) Sy,8 a Sy.B SB 5 
0 = SB, S48 + (Sys7 = S10) SByy JO 
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Theoretically, the ten equations (1), (2), and (5), suffice to 
eliminate the nine scalars involved in a, 8, y:—and thus to leave 
a single equation in r, @, which is that of the boundary of the 
region in question. 

The student will find it a useful exercise to work out fully the 
steps required for the deduction of (5). 


288. When the equation of a surface of the second order can 

be put in the form 
tanh Pe Leith ey emratsacs oc ies (1), 

where (6-9) ($—-9,) (P-9,) =9, 
we know that g, gy, g, are the squares of the principal semi- 
diameters. Hence, if we put 6+/ for ¢ we have a second surface, 
the differences of the squares of whose principal semi-axes are the 
same as for the first. That is, 


SPC Ge Ly al Tea ool WEA OPE ene ae (2); 

is a surface confocal with (1). From this simple modification of 
the equation all the properties of a series of confocal surfaces may 
easily be deduced. We give a couple of examples. 

Any two confocal surfaces of the second degree, which meet, 
intersect at right angles. 

For the normal to (2) is evidently parallel to 

GP HRp 

and that to another of the series, if it passes through the common 
point whose vector is p, is parallel to 


(P+ h,)"p. ‘ 
But COLL ASSO a a rm a ce 


= pap PG +h +I", 


and this evidently vanishes if / and h, are different, as they must 
be unless the surfaces are identical. 

To find the locus of the points of contact of a series of confocal 
surfaces with a series of parallel planes. 

Here the direction of the normal at the point, p, of contact is 


(p +h)" p, 
and is parallel to the common normal of the planes, say a. 


Thus 


(p+hytp lla 
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Thus the locus has the equation of a plane curve 
p= £0. + YO, 
and the relation between w and y is, by the general equation of 
the confocals, 
1+y'Sapa+ aya® = 0. 
Hence the locus is a hyperbola. 


289. To find the conditions of similarity of two central surfaces 
of the second degree. 
Referring them to their centres, let their equations be 


Ee aie Neely, Ae awe Bee (1). 


Now the obvious conditions are that the axes of the one are 
proportional to those of the other. . Hence, if 


g —mg +mg —m=0 (2) 
tes gn ty nO ; 
be the equations for determining the squares of the reciprocals of 
the semi-axes, we must have 


where is an undetermined scalar. Thus it appears that there 


are but two scalar conditions necessary. Elimimating « we have 
72 / De Dey, 12 

mse Mm, mm, mM, (4) 

; ; ieee nhesraaPan tre ; 


mM, mM, mim, m, 


which are equivalent to the ordinary conditions. 


290. Find the greatest and least semi-diameters of a central 
plane section of an ellipsord. 


Here Spdp =— 
0) 


together represent the elliptic section; and our additional condition 
is that 7'p is a maximum or minimum. 
Differentiating the equations of the ellipse, we have 


Sdpdp = 0, 
Sadp = 0, 

and the maximum condition gives 
dT'p = 0, 


“or Spdp = 0. 


' 
; 
q 
‘ 
( 
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Eliminating the indeterminate vector dp we have 


This shews that the maximum or minimum vector, the normal at 
its eatremity, and the perpendicular to the plane of section, lie in 
one plane. It also shews that there are but two vector-directions 
which satisfy the conditions, and that they are perpendicular to 
each other, for (2) is unchanged if ap be substituted for p. 

We have now to solve the three equations (1) and (2), to find 
the vectors of the two (four) points in which the ellipse (1) inter- 
sects the cone (2). We obtain at once 

gp =xV .(p'a) Vap. 
Operating by S.p we have 
—1=ap*Sad™ a. 


: Spd a 

Hence —p'dp=p—a SS = = 
_ Spo a ee ; 
or p 9 Pure HR Fe} he, Rape eee (3); 
from which Rate Met yea) Bee) esecsgunccwass ese (4) ; 


a quadratic equation in p*, from which the lengths of the maximum 
and minimum vectors are to be determined. By § 184 it may be 
written 

mp'Sap a+ pS.a(m,—pyata=0 we. (5). 

[If we had operated by S.f'a or by S.¢™ p, instead of by 
S.p, we should have obtained an equation apparently different 
from this, but easily reducible to it. To prove their identity is a 
good exercise for the student. ] 

Substituting the values of p* given by (5) in (3) we obtain the 
vectors of the required diameters. [The student may easily prove 
directly that 

(l+p,'p)*a and (1+p,")* a 
are necessarily perpendicular to each other, if both be perpen- 
dicular to a, and if p,? and p,’ be different. See § 288.] 


291. By (5) of last section we see that 


a? 


beta eae 
Pies mSad | a ® 
Hence the area of the ellipse (1) is 
ala 


J—msap* a 
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Also the locus of central normals to all diametral sections of an 
ellipsoid, whose areas are equal, is the cone 


Sapa = Ca’. 
When the roots of (5) are equal, i.e. when 
(mye — Sada)? = 4ma’Sap "a ....seceeeree (6), 


the section is a circle. It is not difficult to prove that this 
equation is satisfied by only two values of Ua, but another 
quaternion form of the equation gives the solution of this and 
similar problems by inspection. (See § 292 below.) 


292. By § 180 we may write the equation 
Spdp =—1 
in the new form S.Apup + pe’ = — 1, 
where » is a known scalar, and X and yw are definitely known (with 
the exception of their tensors, whose product alone is given) in 
terms of the constants involved in ¢. [The reader is referred 
again also to § 128, 129.] This may be written 
2SAPS 0 + D— SAL) P= aeons eee (1). 
From this form it is obvious that the surface is cut by any plane 
perpendicular to X or w in a circle. For, if we put 
Srp = a, 

we have 2aSup + (p—Srp) p> = — 1, 
the equation of a sphere which passes through the plane curve of 
intersection. 


Hence X and uw of § 180 are the values of a in equation (6) of 
the preceding section. 


293. <Any two circular sections of a central surface of the 
second degree, whose planes are not parallel, lie on a sphere. 

For the equation 

(Srp — a) (Sup — b)=0, 

where a and b are any scalar constants whatever, is that of a 
system of two non-parallel planes, cutting the surface in circles. 
Eliminating the product SrApSup between this and equation (1) of 
last section, there remains the equation of a sphere. 


294, To find the generating lines of a central surface of the 
second degree. 


Let the equation be 
Spop =—1; 
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then, if a be the vector of any point on the surface, and w a vector 
parallel to a generating line, we must have 

p=a+ain 
for all values of the scalar a. 

Hence S(a+aa) d (a+aa) =— 

gives the two equations 

Sapo = i 

Sada = 0)" 
The first is the equation of a plane through the origin parallel 
to the tangent plane at the extremity of a, the second is the 
equation of the asymptotic cone. The generating lines are there- 
fore parallel to the intersections of these two surfaces, as is well 
known. 

From these equations we have 

you =Vaa 
where y is a scalar to be determined. Operating on this by S.8 
and S.y, where 8 and ¥ are any two vectors not coplanar with a, 
we have 

Sa (y¥o8B+Va8)=0, Sa (ydy— oa Specs 8 (1). 

Hence S. pa (yb8 + VaB) (ypy — Va) = 
or myS .aBy — SapaS.aBy = 0. 


Thus we have the two values 


Sapa _ 1 
A t,/— m Mm’ 


belonging to the two generating lines. That they may be real 
it is clear that m must be negative :—i.e. the surface must be the 
one-sheeted hyperboloid. 


295. But by equations (1) we have 
za =V.(ypB + VaB) (ypy — Vya) 
=myd'VBy+yV. paVBy—aS.aVBy; 
which, according to the sign of y, gives one or other generating 
line. 

Here VBy may be any vector whatever, provided it is not 
perpendicular to a (a condition assumed in last section), and we 
may write for it 0. 

Substituting the value of y before found, we have 


a=—9°0—aSa0 +, /— 7, .VOa, 
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neal iL 
=V.daVad 04 y/— 7, Vea 


or, as we may evidently write it, 


= $1 (V.aVoad) + ww ee Lipa eae ee (2), 
Put tT =V0¢a, 
and we have zao=— Var t a — = se 
with the condition Stda = 0. 


[Any one of these sets of values forms the complete solution of the 
problem; but more than one have been given, on account of their 
singular nature and the many properties of surfaces of the second 
degree which immediately follow from them. It will be excellent 
practice for the student to shew that 


ANalatth (Vv. a Vab26 + Ri = Vea) 
_is an invariant. This may most easily be done by proving that 
V.wOyvé,=0  identically.] 


Perhaps, however, it is simpler to write a for VBy, and we thus 
obtain 


za =—b'V.aVada F ve — * Vas. 


[The reader need hardly be reminded that we are dealing with the 
general equation of the central surfaces of the second degree—the 
centre being origin. | 


EXAMPLES TO CHAPTER IX. 


1. Find the locus of points on the surface 


Spgp=—1 
where the generating lines are at right angles to one another. 
2. Find the equation of the surface described by a straight 


line which revolves about an axis, which it does not meet, but 
with which it is rigidly connected. 


ee 
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3. Find the conditions that 


Spdp =—1 
may be a surface of revolution, with axis parallel to a given vector, 


4. Find the equations of the right cylinders which circum- 
scribe a given ellipsoid. 


5, Find the equation of the locus of the extremities of per- 
pendiculars to central plane sections of an ellipsoid, erected at the 
centre, their lengths being the principal semi-axes of the sections. 


[Fresnel’s Wave-Surface. See Chap. X11] 


6. The cone touching central plane sections of an ellipsoid, 
which are of equal area, is asymptotic to a confocal hyperboloid. 


7. Find the envelop of all non-central plane sections of an 
‘ellipsoid when their area is constant. 


8. Find the locus of the intersection of three planes, perpen- 
dicular to each other, and touching, respectively, each of three 
confocal surfaces of the second degree. 


9. Find the locus of the foot of the perpendicular from the 
centre of an ellipsoid upon the plane passing through the extremi- 
ties of a set of conjugate diameters. 


10. Find the points in an ellipsoid where the inclination 
of the normal to the radius-vector is greatest. 


11. If four similar and similarly situated surfaces of the 
second degree intersect, the planes of intersection of each pair pass 
through a common point, 


12. Ifa parallelepiped be inscribed in a central surface of the 
second degree its edges are parallel to a system of conjugate 
diameters. 


13. Shew that there is an infinite number of sets of axes for 
which the Cartesian equation of an ellipsoid becomes 

e+yt+e=e’, 

14. Find the equation of the surface of the second degree 
which circumscribes a given tetrahedron so that the tangent plane 
at each angular point is parallel to the opposite face; and shew 
that its centre is the mean point of the tetrahedron. 

WN, (Oe Ue Lh 
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15. Two similar and similarly situated surfaces of the second 
degree intersect in a plane curve, whose plane is conjugate to the 
vector joining their centres. 


16. Find the locus of all points on 
Spdp =—1, 
where the normals meet the normal at a given point. 
Also the locus of points on the surface, the normals at which 
meet a given line in space. 


17. Normals drawn at points situated on a generating line 
are parallel to a fixed plane. 


18. Find the envelop of the planes of contact of tangent 
planes drawn to an ellipsoid from points of a concentric sphere. 
Find the locus of the point from which the tangent planes are 
drawn if the envelop of the planes of contact is a sphere. 


19. The sum of the reciprocals of the squares of the perpen- 
diculars from the centre upon three conjugate tangent planes is 
constant. 


20. Cones are drawn, touching an ellipsoid, from any two 
points of a similar, similarly situated, and concentric ellipsoid. 
Shew that they intersect in two plane curves. 

Find the locus of the vertices of the cones when these plane 
sections are at right angles to one another. 


21. Any two tangent cylinders to an ellipsoid intersect in two 
plane ellipses, and no other tangent cylinder can be drawn through 
either of these. 

Find the locus of these ellipses :— 


(a) When the axes of the two cylinders are conjugate to each 
other, and to a given diameter. 

(b) When they are conjugate to each other, and to diameters 
lying in one plane. 

(c) When they are conjugate to each other, and to any 
diameter whatever. 


22. If a, 8, y be unit vectors parallel to conjugate semi- 
diameters of an ellipsoid, what is the vector 


es Co le i ety robes 
TligaSuchtth eal EASES weet 


and what the locus of its extremity ? 
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a! 


23. Find the locus of the points of contact of tangent planes 
which are equidistant from the centre of a surface of the second 


degree. 


24. From a fixed point A, on the surface of a given sphere, 


draw any chord AD; let D’ be the second point of intersection of 


the sphere with the secant BD drawn from any point B; and 
take a radius vector AZ, equal in length to BD’, and in direction 
either coincident with, or opposite to, the chord AD: the locus 
of # is an ellipsoid, whose centre is A, and which passes through 
B. (Hamilton, Elements, p. 227.) 


25. Shew that the equation 

P(e —1) (e+ Saa’) = (Sap)* — 2e Sap Sa’p + (Sa'p)’ + (1 —e*) p’, 
where e is a variable (scalar) parameter, and a, a’ unit-vectors, 
represents a system of confocal surfaces. (/bid. p. 644.) 


26. Shew that the locus of the diameters of 


Spdp =—1, 
which are parallel to the chords bisected by the tangent planes to 
the cone 
Spp = 0, 
is the cone S. poy" dp = 0. 


27. Find the equation of a cone, whose vertex is one summit 
of a given tetrahedron, and which passes through the circle 
circumscribing the opposite side. 


28. Shew that the locus of points on the surface 


Spdp =— 1, 
the normals at which meet that drawn at the point p =a, is on 


the cone 
| S.(p—=) dagp =O. 
29. Find the equation of the locus of a point the square 
of whose distance from a given line is proportional to its distance 
from a given plane. 


30. Shew that the locus of the pole of the plane 
Sap =1, 
with respect to the surface 
Sppp=—1, 
is a sphere, if a be subject to the condition 
Sapa = C. 
15—2 


“~- 
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31. Shew that the equation of the surface generated by lines 
drawn through the origin parallel to the normals to 
Spp"p=—1 
along its lines of intersection with 
Sp(p+h)'p=-1, 
1S o —hSa(d+h)'o=0. 


32. Common tangent planes are drawn to 
28rpSup+(p—Srw)p?=—1, and Tp=h, 
find the value of h that the lines of contact with the former surface 
may be plane curves. What are they, in this case, on the sphere ? 
Discuss the case of 


p—S*ru = 0. 
33. If tangent cones be drawn to 
Sp¢’p =—1, 
from every point of 
Spdp=—1, 
the envelop of their planes of contact is 
Spo'p =—1. 


34. Tangent cones are drawn from every point of 
S(p —a) b(p—a) =—n’, 
to the similar and similarly situated surface 
Spdp =—1, 
shew that their planes of contact envelop the surface 
(Subp + 1)'=—n? Spgp. 
35. Find the envelop of planes which touch the parabolas 
p=at’ + Bt, p=au’+yu, 
where a, 8, y form a rectangular system, and ¢ and u are scalars. 
36. Find the equation of the surface on which lie the lines of 


contact of tangent cones drawn from a fixed point to a series of 
similar, similarly situated, and concentric ellipsoids. 


37. Discuss the surfaces whose equations are 
SapSBp = Syp, 
and S’ap + S.aBp =1. 


38. Shew that the locus of the vertices of the right cones 
which touch an ellipsoid is a hyperbola. 
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39. Ifa,, a,, a, be vector conjugate diameters of 


Spdp =~—l, 
where p— mg" +m, —m=0, 
shew that 
ay Mm 2_ Mm, = aan 
> (a*) = rat (Va,a,) mod fe Se de = =e 
and = (pa)? = — m,. 


40. Find the locus of the lines of contact of tangent planes 
from a given point to a series of spheres, whose centres are in one 
line and which pass through a given point in that line. 


41. Find the locus of a circle of variable radius, whose plane 
is always parallel to a given plane, and which passes through each 
of three given lines in space. 


CHAPTER X. 


GEOMETRY OF CURVES AND SURFACES. 


296. WE have already seen (§ 31 (/)) that the equations 
p= $t=>.af(t), 

and p= dh bu) =e ait a). 

where a represents one of a set of given vectors, and f a scalar 
function of scalars ¢ and uw, represent respectively a curve and a 
surface. We commence the present too brief Chapter with a few 
of the immediate deductions from these forms of expression. We 
shall then give a number of examples, with little attempt at 
systematic development or even arrangement. 


297. What may be denoted by ¢ and w in these equations is, 
of course, quite immaterial: but in the case of curves, considered 
geometrically, ¢ is most conveniently taken as the length, s, of the 
curve, measured from some fixed point. In the Kinematical 
investigations of the next Chapter t may, with great convenience, 
be employed to denote time. 


298. Thus we may write the equation of any curve in 
space as 


p = Ps, 
where ¢ is a vector function of the length, s, of the curve. Of 
course it is a linear function when, and only when, the equation 
(as in § 31 (l)) represents a straight line. 


If $ be a periodic function, such that 
$(L+s)=$(s), 


the curve is a réentrant one, generally a Anot in space. 
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[In § 306 it is shewn that when ¢ is the are certain forms of 
are not admissible. ] 


299. We have also seen (§§ 38, 39) that 
dp ad : 
wad. bs = d's 
is a vector of unit length in the direction of the tangent at the 
extremity of p. 
At the proximate point, denoted by s+ 6s, this unit tangent 
vector becomes 


g's + sds + &e. 
But, because Tes =i, 
we have S.d'sh"s = 0. 


Hence $s, which is a vector in the osculating plane of the curve, 
is also perpendicular to the tangent. 

Also, if 6@ be the angle between the successive tangents ¢’s 
and ¢$’s + $"sés +...... , we have 


60 oe 
£L 55 LP SS 


so that the tensor of $s is the reciprocal of the radius of absolute 
curvature at the point s. 


300. Thus, if OP = gs be the vector of any point P of the 
curve, and if C be the centre of curvature at P, we have 


— 1 
PG aan 
p's 
d th Gteigeciey 
and thus = B73 
is the equation of the locus of the centre of curvature. 
Hence also V.¢'sh’s or f'sh"s 

is a vector perpendicular to the osculating plane ; and therefore 

r= (gsU$"s) 


is the tortuosity of the given curve, or the rate of rotation of 
its osculating plane per unit of length. 


301. As an example of the use of these expressions let us find 
the curve whose curvature and tortuosity are both constant. 


We have curvature = T'$"s = Tp” =c. 
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Hence d'sp's = p’p” = ca, 
where a is a unit vector perpendicular to the osculating plane. 
This gives 
TLE: 12 ba 4 u 
pip” +p@=c4k 5 =cc,Up" =c,p", 
if c, represent the tortuosity. 

Integrating we get , 
PR OP PB erssc teostnteucel tenes Co 
where 8 is aconstant vector. Squaring both sides of this equation, 
we get 


C=c, ——’ — 2¢,SBp' 


=—¢%— 
(for by operating with S.p’ upon (1) we get +c,=SBp’), 
or TRS Core. 
Multiply (1) by p’, remembering that 
Tos 
and we obtain —p =—¢,+/8, 
or, by integration, P ='C,8— pRB dares ienscs seen nee dae (2), 


where a@ is a constant quaternion. Eliminating p’, we have 
—p’ =—¢,+¢,88 — pp’ +aB, 
of which the vector part is 
p’ — pB’ =—¢,s8 — Va. 


The complete integral of this equation is evidently 
pet cota eee = gh (0,88 + Vaf)......(), 


€ and 7 being any two constant vectors. We have also by (2), 
SBp =c,s + Sa, 

which requires that SS&=0, SBn = 0. 

The farther test, that Tp’=1, gives us 


—-1=T7*(@ sin’. sT78 +7’ cos’.s7/B —2SEnsin.s7'B cos. sT'8) —- a i 
ce +c, 


This requires, of course, 


Stm=0, TE=Ty = 

En E ect 
so that (3) becomes the general equation of a helix traced on a 
right cylinder. (Compare § 31 (m).) 
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302. The vector perpendicular from the origin on the tangent 
to the curve 


p= os 


is, of course, s Vp'p, or p’Vpp’ 
P 


(since p’ is a unit vector). 


va . 
To find a common property of curves whose tangents are all 
equidistant from the origin. 


Here 
TV pp’ =c, 


which may be written Ee ae ks OPH - ses Avivursnd.aeiee (1). 


This equation shews that, as is otherwise evident, every curve 
on a sphere whose centre is the origin satisfies the condition. For 


obviously 
—p’=c’ gives Spp’ = 0, 


and these satisfy (1). 
If Spp’ does not vanish, the integral of (1) is 


an arbitrary constant not being necessary, as we may measure s 
from any point of the curve. The equation of an involute which 
commences at this assumed point is 


GS =) [ie sp. 
This gives Tax” = Tp’ + s* + 2sSpp' 
= Tp + 3° —2s./Tp*—c', by (1), 
=c¢, by (2). 
This includes all curves whose involutes le on a sphere about the 
origin. 
303. Find the locus of the foot of the perpendicular drawn to a 
tangent to a right hex from a point in the axis. 
The equation of the helix is 


s 8 
p=acos~ + Asin = +18; 


where the vectors a, 8, y are at right angles to each other, and 
Ta=TB=b, while aTy=Ja'?—b* 
(The latter condition is from 7p’ = 1.) 
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The equation of the required locus is, by last section, 


a =p'Vpp 
Py 7h 2 


za cao 2) b 
-§ $10 — 5) +B (sin = oe 8008 +78 


Seg — 

=a (cos nae 

This curve lies on the hyperboloid whose equation is 
Saat Ba -—v' Vya = O', 

as the reader may easily prove for himself. 

304. To find the least distance between consecutive tangents to a 
tortuous curve. 

Let one tangent be @o=pt+ ap’, 


then a consecutive one, at a distance és along the curve, is 


wt 


/ 4/ oo dt os? 
@a=ptpdost+p 1.2 ds +p rot). 


The magnitude of the least distance between these lines is, by 
§§ 216, 228, 
Y U a és” mt és° Ww we és” 
8. (p'85-+ p ote’ paat ...) UVip' (o' +p" B54 p+. a 


a POOL, BU 
—j9S-PPP 


if we neglect terms of higher jae 
It may be written, since p’p” is a vector, and Toe 


s 3 8. Up" Vp'p™. 
SUV" a 
But (§ 140 (2)) UV pip Dee = Vs oe = 6s = o ps. ppp”. 
Hence ae Up’ Vp'p my 


is the small angle, d@, between the two successive positions of the 
osculating plane. [See also § 300.] 
Thus the shortest distance Wii two consecutive tangents ‘is 
expressed by the formula 
dpds” 
127’ 


Ll aye : 
where r, = Tp"? is the radius of absolute curvature of the tortuous 


curve, 
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305. Let us recur for a moment to the equation of the parabola 
(§ 31 (f)) 
2 
p=at+ ee 


Here p=(at an, 
whence, if we assume Sa =0, 
ds CPR RS 242 
dt J-a@— Bt, 
from which the length of the are of the curve can be derived in 
terms of ¢ by integration. 
Again, p =(a +6) F te B (5) . 
dt _d mee us. B (a+ Bt) 
ds*> ds’ T (a+ Bt) tas T (a4 By 
We » __ (a+ Bt) Vag 
ie p T (a+ Bt ’ 
and therefore, for the vector of the centre of curvature we have 


(§ 300), 


But 


a=at+ 2 — (a+ PP)’ (— Ba? + at)”, 


ae a) ane 5 


which is the quaternion equation of the evolute. 


306. One of the simplest forms of the equation of a tortuous 
curve is 
t fa 
p=at+ oie asia: 6” 
where a, 8, y are any three non-coplanar vectors, and the numerical 
factors are introduced for convenience. This curve lies on a para- 
bolic cylinder whose generating lines are parallel to y; and also on 
cylinders whose bases are a cubical and a semi-cubical parabola, 
their generating lines being parallel to 8 and @ respectively. We 


have by the equation of the curve 
t?\ dt 
p= (a+ Bt ae ee ; 


from which, by 7p’ = 1, the length of the curve can be found in 
terms of t; and 


p' = (ater+% 


Jae +90 (i) 
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from which p" can be expressed in terms of s. The investigation 
of various properties of this curve is very easy, and will be of great 
use to the student. 

[Note.—It is to be observed that in this equation ¢ cannot stand 
for s, the length of the curve. It is a good exercise for the student 
to shew that such an equation as 


p=as-+ Ps" + ys", 
or even the simpler form 
p=as + Bs’, 
involves an absurdity. | 
307. The equation p= oe, 
where ¢@ is a given self-conjugate linear and vector function, ¢ a 


scalar variable, and e an arbitrary vector constant, belongs to a 
curious class of curves. 


We have at once a = ¢' log ge, 


where log ¢ is another self-conjugate linear and vector function, 
which we may denote by y. These functions are obviously com- 
mutative, as they have the same principal set of rectangular vectors, 
hence we may write 


which of course gives ae =vy"o, &c., 


since y does not involve ¢. 
As a verification, we should have 


dp... dip 8 

CED fy as 

Piste pta b+ a7 a t &e 
= (1+ 80x + 5X Lire )p 
= 6X p, 


where e is the base of Napier’s Logarithms. 
This is obviously true if = ex, 

or p=e, 

or log 6=y, 

which is our assumption. See § 337, below. 


[The above process is, at first sight, rather startling, but the 
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student may easily verify it by writing, in accordance with the 
results of Chapter V, 


dpe = — g,aSae — 9, 8SBe — gyySye, 
whence fie = — 9, aSae — 9‘, BSBe — g' ySye. 
He will find at once 
xe = — log g, aSae — log 9, 8SBe — log g,ySye, 
and the results just given follow immediately. ] 


308. That the equation 
p=¢o(t,u) =>. af (t, u) 


represents a surface is obvious from the fact that it becomes the 
equation of a definite curve whenever either t or wu has a particular 
value assigned to it. Hence the equation at once furnishes us with 
two systems of curves, lying wholly on the surface, and such that 
one of each system can, in general, be drawn through any assigned 
point on the surface. Tangents drawn to these curves at their 
point of intersection must, of course, lie in the tangent plane, whose 
equation we have thus the means of forming. [Of course, there 
may occasionally be cases of indeterminateness, as when the curves 
happen to touch one another. But the general consideration of 
singular points on surfaces is beyond the scope of this work.] 


309. By the equation we have 
Hee (<2) dt + (2) a 
where the brackets are inserted to indicate partial differential 
coefficients. If we write this as 
dp = ¢’,dt + $’, du, 
the normal to the tangent plane is evidently 
VO'b ws 
and the equation of that plane 
S.(o-$) $1. $'.=0. 
310. Thus, as a simple example, let 
p=tatuB + tuy. 
This surface is evidently to be constructed by drawing through each 


point ta, of the line a, a line parallel to B+ty; or through wf, a 
line parallel to a+ wy. 
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We may easily eliminate ¢ and wu, and obtain 


S. BypS.yap=S.aByS .a8p ; 
and the methods of last chapter enable us to recognise a hyperbolic 
paraboloid. 

Again, suppose a straight line to move along a fixed straight 
line, remaining always neyedieiee to it, while rotating about it 
through an angle proportional to the space it has advanced ; the 
equation of the ruled surface described will evidently be 


p=at+u(Bcost+y sim b).....-sceceeesees (1): 
where a, 8, y are rectangular vectors, and 
TB=Ty. 


This surface evidently intersects the right cylinder 
p=a(Scost+ysin ¢) +24, 

in a helix (§§ 31 (m), 301) whose equation is 
p=at+a(Pcost+ysint). 

These equations illustrate very well the remarks made in §& 31 (J), 

308, as to the curves or surfaces represented by a vector equation 


according as it contains one or two scalar variables. 
From (1) we have 


dp =[a—u(Ssint—rycost)|dt+ (8 cost+ysin ft) du, 
so that the normal at the extremity of p is 
Ta (y cost — 8 sin t) —u TB?Ua. 
Hence, as we proceed along a generating line of the surface, for 


which ¢ is constant, we see that the direction of the normal changes. 
This, of course, proves that the surface is not developable. 


311. Hence the criterion for a developable surface is that if it 
be expressed by an equation of the form 


p=dt+urpt, 
where ¢¢ and wet are vector functions, we must have the direction 
of the normal 
V {ht + ub't} we 
independent of wu. 
This requires either Vit 't=0 


which would reduce the surface to a cylinder, all the generating 
lines being parallel to each other ; or 


Ve'tt =0. 
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This is the criterion we seek, and it shews that we may write, for a 
developable surface in general, the equation 

PEON E eas Ai av ibicvasiieryensees (1). 
Evidently p= dt 


is a curve (generally tortuous) and ¢’¢ is a tangent vector, Hence 


a developable surface is the locus of all tangent lines to a tortuous 
curve. 


Of course the tangent plane to the surface is the osculating 
plane at the corresponding point of the curve; and this is indicated 
by the fact that the normal to (1) is parallel to 


Vopto’t. (See § 300.) 


To find the form of the section of the surface made by a normal 
plane through a point in the curve. 


The equation of the surface in the neighbourhood of the 
extremity of p is approximately 


2 
o=ptsp'+—p" + &. + x (p’ + sp” + &e.). 
The part of a —p which is parallel to p’ is 
: * ; ade ate 
a Ts: LHe. cys ree eee , 
therefore a — p= Ap’ + (5 + xs | pir Gs ae ) PVG oboe: 
And, when A=0, i.e. in the normal section, we have approximately 


L=—8, 
so that B—p=—sp +5p Vp'p™. 


Hence the curve has an equation of the form 
o=sa+s'8, 
a semicubieal parabola. 


312. A Geodetic line is a curve drawn on a surface so that its 
osculating plane at any point contains the normal to the surface. 
Hence, if v be the normal at the extremity of p, p’ and p” the first 
and second differentials of the vector of the geodetic, 

S.vpp =9, 
which may be easily transformed into 
V.vdUp. =0. 
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313. In the sphere Zp =a we have 
v |p, 
hence S. ppp” =9, 


which shews of course that p is confined to a plane passing through 
the origin, the centre of the sphere. 


For a formal proof, we may proceed as follows—., 
The above equation is equivalent to the three 


Sp = 0, S6p’ =0, S0p” = 0, 
from which we see at once that @ is a constant vector, and 
therefore the first expression, which includes the others, is the 


complete integral. 
Or we may proceed thus— 


0 =— pS. pp'p" + pS. p’p’ = V.Vpp Vp’ = V.Vpp'dV pp, 
whence by § 140 (2) we have at once 
UV pp’ = const. = @ suppose, 
which gives the same results as before. 


314. In any cone, when the vertex is taken as origin, we 
have, of course, 


Svp = 0, 
since p lies in the tangent plane. But we have also 
Svp’ = 0. 


Hence, by the general equation of § 312, eliminating v we get 
0=S.pp'Vp'p’=SpdUp’ by § 140 (2). 


Integrating C=SpUp' = | So lpeasa Bean | Tap. 


The interpretation of this is, that the length of any arc of the 
geodetic is equal to the projection of the side of the cone (drawn 
to its extremity) upon the tangent to the geodetic. In other 
words, when the cone is developed on a plane the geodetic becomes a 
straight line. A similar result.may easily be obtained for the 
geodetic lines on any developable surface whatever. 


315. To find the shortest line connecting two points on a given 
surface. 


Here [ Pap is to be a minimum, subject to the condition that 


dp lies in the given surface. [We employ 8, though (in the 
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notation we employ) it would naturally denote a vector, as the 
symbol of variation. ] 


Sd 
Now 8 | ap = [57a --| ti =—[8.Udpddp 


=—[8.Udpip] + [ 8. 8pdUdp, 


where the term in brackets vanishes at the limits, as the extreme 
points are fixed, and therefore 8p = 0 at each. 
Hence our only conditions are 


[s. dpdUdp=0, and Svdp=0, giving 


V. vdUdp = 0, as in § 312. 

If the extremities of the curve are not given, but are to lie on 
given curves, we must refer to the integrated portion of the 
expression for the variation of the length of the are. And its 
form 

S.Udpédp 
shews that the shortest line cuts each of the given curves at right 
angles. 


8316. The osculating plane of the curve 


, p= ¢t 
is SB. DUDE (ao — p) =... cccccrevrsnencees {Ly 
and is, of course, the tangent plane to the surface 
PDE A UAE Tip cae Brung rgows 1 seins vases. (2) 


Let us attempt the converse of the process we have, so far, 
pursued, and endeavour to find (2) as the envelop of the variable 
plane (1). 

Differentiating (1) with respect to t only, we have 

S.$'$"" (wp) =0. 
By this equation, combined with (1), we have 
o—piV.Véeg'V$ slg. 
or ao=ptup=¢+4+ ud’, 
which is equation (2). 

317. This leads us to the consideration of envelops generally, 
and the process just employed may easily be extended to the 
problem of finding the envelop of a series of surfaces whose 
equation contains one scalar parameter, 


Da Owe 16 
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When the given equation is a scalar one, the process of finding 
the envelop is precisely the same as that employed in ordinary 
Cartesian geometry, though the work is often shorter and simpler. 


If the equation be given in the form 
p=v(t% 2) 
where w is a vector function, ¢ and w the scalar variables for any 
one surface, v the scalar parameter, we have for a proximate surface 
P= W(t, Us) = pty, E+’, du t+ W, ov. 


Hence at all points on the intersection of two successive surfaces 
of the series we have 


yy’, t +’, du + W’, du = 0, 


which is equivalent to the following scalar equation connecting the 
quantities ¢, w and v; 


S z vv, Wu Vv", = 0. 
This equation, along with 
p= (t, u, 2), 


enables us to eliminate ¢, wu, v, and the resulting scalar equation is 
that of the required envelop. 


318. As an example, let us find the envelop of the osculating 
plane of a tortuous curve. Here the equation of the plane is 


(§ 316) 
S. (= —p) ptd’t=0, 

or w= dt+ vptt+ yp't=v (a, y, t), 
if p= ¢t 
be the equation of the curve. 

Our condition is, by last section, 

So Yb y Hi =0, 

or S. ft oh't[pt+ «ft + ypt] = 0, 
or yS. pt to’t=0. 

Now the second factor cannot vanish, unless the given curve 
be plane, so that we must have 


ssi omige 
and the envelop is a= ot+a¢'t 


the developable surface, of which the given curve is the edge of 


regression, as in § 316, 
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319. When the equation contains two scalar parameters, its 
differential coefficients with respect to them must vanish, and we 
have thus three equations from which to eliminate two numerical 
quantities. 

A very common form in which these two scalar parameters 
appear in quaternions is that of an arbitrary unit-vector, In this 
case the problem may be thus stated :— 


Find the envelop of the surface whose scalar equation is 


F'(p, a) =0, 
where a is subject to the one condition 
Ta=1. 
Differentiating with respect to a alone, we have 
Svda= 0, Sada = 0, 


where v is a known vector function of p and a. Since da may have 
any of an infinite number of values, these equations shew that 


Vav =0. 


This is equivalent to two scalar conditions only, and these, in 
addition to the two given scalar equations, enable us to eliminate a. 

With the brief explanation we have given, and the examples 
which follow, the student will easily see how to treat any other set 
of data he may meet with in a question of envelops. 


320. Find the envelop of a plane whose distance from the 
origin vs constant. 


Here Sap =-—c, 
with the condition Ta=1. 


Hence, by last section, Vpa=0, 
and therefore p=ca, 
or é (oe 
the sphere of radius c, as was to be expected. 


If we seek the envelop of those only of the planes which are 
parallel to a given vector 8, we have the additional relation 


op = 0: 
In this case the three differentiated equations are 
Spda= 0, Sada = 0, SBda = 0, 
and they give S.aSp = 0. 


16—2 
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Hence a=U. BVBp, 
and the envelop is DV So 008, 


the circular cylinder of radius c and axis coinciding with f. 

By putting Saf =e, where e is a constant different from zero, 
we pick out all the planes of the series which have a definite 
inclination to 8, and of course get as their envelop a right cone. 


321. The equation S'ap +2S.a8p=b 
represents a parabolic cylinder, whose generating lines are parallel 
to the vector aVaf. For the equation is of the second degree, and 
is not altered by increasing p by the vector waVaB; also the 
surface cuts planes perpendicular to a in one line, and planes 
perpendicular to Va@ in two parallel lines. Its form and position 
of course depend upon the values of a, 8, and b. It is required to 
find its envelop if B and b be constant, and a be subject to the one 
scalar condition 
ons 

The process of § 319 gives, by inspection, 

pSap + V8p = «a. 
Operating by S.a, we get 

Sap t+S.aBp=—2, 

which gives S.aBp=a+b. 
But, by operating successively by S.V@p and by S. p, we have 


(VBp)’ = aS . aBp, 
and (p’ — x) Sap = 0. 
Omitting, for the present, the factor Sap, these three equations 
give, by elimination of # and a, 


(VBp)' = p*(p* + 6), 
which is the equation of the envelop required. 


This is evidently a surface of revolution of the fourth degree 

whose axis is 8; but, to get a clearer idea of its nature, put 
cp =a, 
and the equation becomes 
(Vox) = oh + ba", 

which is obviously a surface of revolution of the second degree, 
referred to its centre. Hence the required envelop is the reciprocal 
of such a surface, in the sense that the rectungle under the lengths 
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of condirectional radii of the two is constant: i.e. it is the Electric 
Image. 
We have a curious particular case if the constants are so 
related that 
b+ B°=0, 
for then the envelop breaks up into the two equal spheres, 
touching each other at the origin, 


p =+SBp, 
while the corresponding surface of the second order becomes the 


two parallel planes 
SBa = +c’. 


322. The particular solution above met with, viz. 
Sap = 0, 
limits the original problem, which now becomes one of finding the 
envelop of a line instead of a surface. In fact this equation, taken 
in conjunction with that of the parabolic cylinder, belongs to that 
generating line of the cylinder which is the locus of the vertices 
of the principal parabolic sections. 


Our equations become 


2S .a8p=b, 
Sap = 0, 
Tox: 
whence VBp =a; 
giving v=-S.abp=—5, 
and thence T'V8p= : ; 


so that the envelop is a circular cylinder whose axis is 8. [It is 
to be remarked that the equations above require that 
SaB8 =0, 

so that the problem now solved is merely that of the envelop of a 
parabolic cylinder which rotates about its focal line. This discussion 
has been entered into merely for the sake of explaining a peculiarity 
in a former result, because of course the present results can be 
obtained immediately by an exceedingly simple process. ] 


323. The equation SapS.aBp =’, 
with the condition Tos= 1, 
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represents a series of hyperbolic cylinders. ¢ as required to find 
their envelop. 
As before, we have 


pS.a8p + VBpSap = xa, 
which by operating by S.a, S.p, and S.V£p, gives 
2v7°=—4, 
pS .abp = «Sap, 
(VB8p)y’Sap = aS . ap. 
Eliminating a and « we have, as the equation of the envelop, 
o* (Vp)*= 4a 


Comparing this with the equations 


and (VBpy = — 2a’, 

which represent a sphere and one of its circumscribing cylinders, 
we see that, if condirectional radii of the three surfaces be drawn 
from the origin, that of the new surface is a geometric mean 
between those of the two others. 


324, Find the envelop of all spheres which touch one given line 
and have their centres in another. 
Let p= fe} + YY 


be the lime touched by all the spheres, and let wa be the vector of 
the centre of any one of them, the equation is (by § 213, or § 214) 


y (p — aa)’ =—{V.y(B—aa)}?, 
or, putting for simplicity, but without loss of generality, 
Uivie= |. SaB = 0, SBy = 90, 
so that 8 is the least vector distance between the given lines, 


(p — aa)’ = (8 — wa)’ + x'S"ary, 


and, finally, p — 8° —2aSap = 2° Say. 

Hence, by § 317, — 2Sap = 2aS’ary. 

[This gives no definite envelop, except the point p=, if 
Say = 0, 


ie. if the line of centres is perpendicular to the line touched by 
all the spheres.] 


Eliminating «, we have for the equation of the envelop 
Sap + S*ay (p? — B’) =0, 
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which denotes a surface of revolution of the second degree, whose 
AXIS 18 a. 
Since, from the form of the equation, Tp may have any 
magnitude not less than 7’8, and since the section by the plane 
Sap = 0 
is a real circle, on the sphere 
p —-B=0, 
the surface is a hyperboloid of one sheet. 
[It will be instructive to the student to find the signs of the 
values of g,, g,, g, aS in § 177, and thence to prove the above 
conclusion. | 


325. As a final example of this kind let us find the envelop 
of the hyperbolic cylinder 


SapS8p —c=0, 
where the vectors a and § are subject to the conditions 
Ja4—1p =I, 
Say = 0, SB6 = 0, 
y and 6 being given vectors. 
[It will be easily seen that two of the six scalars involved 
in a, @ still remain as variable parameters. | 


We have Sada = 0, Syda = 0, 
so that da = xVary. 
Similarly dB = yVB6. 


But, by the equation of the cylinders, 
SapSpdB + SpdaSBp = 0, 
or ySapS. Bop + a8 . aypSBp = 0. 
Now by the nature of the given equation, neither Sap nor Sfp can 
vanish, so that the independence of da and d§ requires 
S. ayp =0, S. Bdp =0. 
Hence a=U.yV yp, B=U.68V6p, 
and the envelopis Z.VypV8p—cT'yé =0, 
a surface of the fourth degree, which may be constructed by laying 


off mean proportionals between the lengths of condirectional radii 
of two equal right cylinders whose axes meet in the origin. 


326. We may now easily see the truth of the following 
general statement. 
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Suppose the given equation of the series of surfaces, whose 
envelop is required, to contain m vector, and n scalar, parameters ; 
and that these are subject to p vector, and q scalar, conditions. 

In all there are 3+ scalar parameters, subject to 3p +q 
scalar conditions. 

That there may be an envelop we must therefore in general 
have , 


(8m+n)—(8p+q)=1, or =2, 


In the former case the enveloping surface is given as the locus of 
a series of curves, in the latter of a series of pounts. 

Differentiation of the equations gives us 3p + q+ 1 equations, 
linear and homogeneous in the 3m-+ differentials of the scalar 
parameters, so that by the elimination of these we have one final 
scalar equation in the first case, two in the second; and thus in 
each case we have just equations enough to eliminate all the 
arbitrary parameters. 

Sometimes a very simple consideration renders laborious cal- 
culation unnecessary. Thus a rectangular system turns about the 
centre of an ellipsoid. Find the envelop of the plane which passes 
through the three points of intersection. 

If a, 8, y be the rectangular unit-system, the points of 
intersection with 


Spbp=—1 


are at the extremities of 


Oy hee cree eee 
J —Sada’ J—S868" J —Sydby 
And if these lie in the plane 


SEO = Lak ere neon ene (aby 
we must have 6= DO) Soho ee (2). 


It would be troublesome to work out the envelop of (1), with 
(2) and the conditions of a rectangular unit-system as the data, 
but we may proceed as follows. 
The length of the perpendicular from the centre on the 
plane (1) is 
Ter = inn ak : = ? 
a) — (Saha + SBR + Sypy) 
a constant, by § 185. Hence the envelop is a sphere of which this 
is the radius; and it has the same property for all the ellipsoids 
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which, having their axes in the same lines as the first, intersect it 
at the point on 
t+9+k, 

We may obtain the result in another way. By § 281 the sum 
of the reciprocals of the squares of three rectangular central vectors 
of an ellipsoid is constant; while it is easily shewn (see Ex. 20 to 
Chap. VII.) that the same sum with regard to a plane is the 
reciprocal of the square of its distance from the origin. 


327. To find the locus of the foot of the perpendicular drawn 
from the origin to a tangent plane to any surface. 
If Svdp = 0 
be the differentiated equation of the surface, the equation of the 
tangent plane is 
S(a—p)v=0. 
We may introduce the condition 
Svp=—1, 
which in general alters the tensor of v, so that —v™ becomes the 
required vector perpendicular, as it satisfies the equation 
Sav =-—1. 
It remains that we eliminate p between the equation of the 
given surface, and the vector equation 
o=—V. 
The result is the scalar equation (in #) required. 
For example, if the given surface be the ellipsoid 


Spdp =—1, 
we have oi =—v=— op, 
so that the required equation is 
Sa'¢'a"* =—1, 
or Sad 'a =— a", 
which is Fresnel’s Surface of Elasticity. (§ 278.) 
It is well to remark that this equation is derived from that of 
the reciprocal ellipsoid 
Spp'p=—1 
by putting o™ for p. 
328. To find the reciprocal of a given surface with respect to 
the unit sphere whose centre is the origin. 
With the condition Spy=-— 1, 


: 
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of last section, we see that » is the vector of the pole of the 
tangent plane 
S(a—p)v=0. 
Hence we must put =D, 
and eliminate p by the help of the equation of the given surface. 
Take the ellipsoid of last section, and we have 
w= op, 
so that the reciprocal surface is represented by 
Sad a =—1. 
It is obvious that the former ellipsoid can be produced from 


this by a second application of the process. 
And the property is general, for 


Spy=-1 
gives, by differentiation, and attention to the condition 
Svdp = 0 
the new relation Spdv = 0, 


so that p and v are corresponding vectors of the two surfaces: 
either being that of the pole of a tangent plane drawn at the 
extremity of the other. 


329. If the given surface be a cone with its vertex at the 
origin, we have a peculiar case. For here every tangent plane 
passes through the origin, and therefore the required locus is 
wholly at an infinite distance. The difficulty consists in Spy 
becoming in this case a numerical multiple of the quantity which 
is equated to zero in the equation of the cone, so that of course 


we cannot put as above 
Spy=—1. ¢ 


330. The properties of the normal vector v enable us to write 
the partial differential equations of families of surfaces in a very 
simple form. 

Thus the distinguishing property of Cylinders is that all their 
generating lines are parallel. Hence all positions of » must be 
parallel to a given plane—or 


Sav = 0) 
which is the quaternion form of the well-known equation 
dk dk dF 


l TE +m Pr +n Fe = (), 
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or 


To integrate it, remember that we have always 
Svdp = 0, 

and that as v is perpendicular to a it may be expressed in terms 
of any two vectors, 8 and y, each perpendicular to a. 

Hence v=«B + yy, 
and wSBdp + ySydp = 0. 
This shews that S8p and Syp are together constant or together 
variable, so that 


S8p = f(Syp), 
where fis any scalar function whatever. 


331. In Surfaces of Revolution the normal intersects the axis. 
Hence, taking the origin in the axis a, we have 


S.apy=0, 
or v=Z#a+ yp. 
Hence wSadp + ySpdp = 0, 
“whence the integral Tp =f (Sap). 


The more common form, which is easily derived from that just 
written, is 


TVap =F (Sap). 
In Cones we have ° Svp = 0, 
and therefore 
Svdp =S.v(TpdUp + UpdTp) = TpSvd Up. 
Hence SvdUp = 0, 
so that v must be a function of Up, and therefore the integral is 
Sf (Up) =9, 
which simply expresses the fact that the equation does not involve 
the tensor of p, i.e. that in Cartesian cdordinates it is homogeneous. 


332. If equal lengths be laid off on the normals drawn to any 
surface, the new surface formed by their extrenuties is normal to the 
same lines. 

For we have @ w=p+alr, 
and Svda = Svdp + aSvdUv =0, 


which proves the proposition. 
Take, for example, the surface 


Spdp=—1; 
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the above equation becomes 


a 
w= 8+ Typ) 
-1 
so that p= tae + 1) S, 


and the equation of the new surface is to be found by eliminating 
14; (written z) between the equations 
P : 
—1=S.(#6 + 1)"ad (ag + 1)"a, 


and _ . =S.(#h4+1)"'od (wh +1)"a. 


333. It appears from last section that if one orthogonal 
surface can be drawn cutting a given system of straight lines, an 
indefinitely great number may be drawn: and that the portions of 
these lines intercepted between any two selected surfaces of the 
series are all equal. 

Let p=o+ar, 
where o and 7 are vector functions of p, and w is any scalar, be 
the general equation of a system of lines: we have 


Stdp =0=S(p—c)dp 
as the differentiated equation of the series of orthogonal surfaces, 
if it exist. Hence the following problem. 


334, It is required to find the criterion of integrability of the 
equation : 


as the complete differential of the equation of a series of surfaces. 

Hamilton has given (Hlements, p. 702) an extremely elegant 
solution of this problem, by means of the properties of linear and 
vector functions. We adopt a different and somewhat less rapid 
process, on account of some results it offers which will be useful to 
us later; and also because it will shew the student the connection 
of our methods with those of ordinary differential equations. 

If we assume Fp =C 


to be the integral, we have by § 144, 
SdpVF = 0. 


Comparing with the given equation, (1), we see that the latter 
represents a series of surfaces if v, or a scalar multiple of it, can be 
expressed as VF’. 
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If p=aVE, 
2 277 2 
we have VraVi=— (oS g L os) 
dla: ay, — ae)’ 
and the last-written quantities are necessarily scalars, so that the 
only requisite condition of the integrability of (1) is 
ATLL: 9 ee eee (2). 


If v do not satisfy this criterion, it may when multiplied by a 
scalar. Hence the farther condition 


VV (wv) = 0, 
which may be written 
PUNE = DV V9 Viv i5sciexrssvesi avers (3). 
This requires that 
RR cm) eseeth ee. yc ah Wont case's (4) 


If then (2) be not satisfied, we must try (4). If (4) be satisfied w 

will be found from (3); and in either case (1) is at once integrable. 
[If we put dv = dp, 

where ¢@ is a linear and vector function, not necessarily self- 

conjugate, we have 


VW =V (iS + .)=V igi + = 


by § 185. Thus, if ¢ be self-conjugate, e= 0, and the criterion (2) 
is satisfied. If ¢ be not self-conjugate we have by (4) for the 
criterion 

Sev = 0. 
These results accord with Hamilton’s, lately referred to, but the 
mode of obtaining them is quite different from his.] 


335. As a simple example let us first take lines diverging 
from a point. Here v||p, and we see that if »=p 


Vv=—8, 
so that (2) is satisfied. And the equation is 
Spdp =0, 
whose integral Tp’ = C0 


gives a series of concentric spheres. 
Lines perpendicular to, and intersecting, a fiaed line. 
If a be the fixed line, 8 any of the others, we have 
S.aSp=0, SaB8 = 0, SBdp = 0. 


254 QUATERNIONS. Ree? 


Here v ||aVap, 
and therefore equal to it, because (2) is satisfied. 
Hence S.dpaVap = 0, 
or S.VapVadp =0, 
whose integral is the equation of a series of right cylinders 
I’Vap=C. , 


To find the orthogonal trajectories of a series of circles whose 
centres are in, and their planes perpendicular to, a gwen line. 
Let a be a unit-vector in the direction of the line, then one of 
the circles has the equations 
a (a 
Sap i 
where C' and OC’ are any constant scalars whatever. 
Hence, for the required surfaces 
v || d,p || Vap, 
where d,p is an element of one of the circles, v the normal to the 
orthogonal surface. Now let dp be an element of a tangent to 
the orthogonal surface, and we have 


Svdp =. apdp = 0. 
This shews that dp is in the same plane as a and p, Le. that the 
orthogonal surfaces are planes passing through the common ax 


[To integrate the equation 
S.apdp =0 
evidently requires, by § 334, the introduction of a factor. . For 
V.VVap=—aSVp+ SaV.p (§ 90, (1)) 
6 
so that the first criterion is not satisfied. But 
S. VopV.V Vop=— 2s naVoe—0, 
so that the second criterion holds. It gives, by (8) of § 334, 
—V.VapVw + 2wa= 0, 


or pSaVw — aSpVw + 2wa=0. 
; SaVw=0 
That is Vigne 


These equations are satisfied by 
i 
V°ap { 


‘ 
r 
4 
; 
4 
4 
q 
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O1 


But a simpler mode of integration is easily seen. Our equation 
may be written 
eC ete = ge nee c 
p Up B’ 
which is immediately integrable, 8 being an arbitrary but constant 
vector. 
As we have not introduced into this work the logarithms of 
versors, nor the corresponding angles of quaternions, we must refer 
to Hamilton’s Elements for a further development of this point. ] 


=d.Salog U 


336. As another example, let us find series of surfaces which, 
together, divide space into cubes. 


_ If p be the vector of one series which has the required property, 
o that of a second, it is clear that (w being a scalar) 
eM DO. case < exer righ ees sneok CL); 
where w and q are functions of p. For, to values of dp belonging 
to edges of one cube correspond values of do belonging to edges of 
another. Operate by.S.a, where a is any constant vector, then 
Sado = uS. gag ‘dp. 
As the left-hand member is a complete differential, we have by 
§ 334 
»VV (uqaq”) = 0. 


This is easily put in the form {Chap. IV., Ex. (4), and § 140 (8)} 
V. a gag? =—2qaq'*S.Vqq* + 28 (qaqg’V) ¢.q°.--(2). 


Multiply by gaq™, and add together three equations of the resulting 
form, in which the values of a form a rectangular unit system. 
Then 

Vu 


U 


+2—=+468.Vqq"*—2Vqq". 


This shews that 
S.Vqq* =0. 


Take account of this result in (2), and put dp for gaq™, which 
may be any vector. Thus 


Vu _ Pe 
Vidp— =2dq.4 = 2} petra fe (3). 


From this we see at once that 


q=aUp, 
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where a is any constant versor. Then (3) gives 
Vu 2Up du  2Spdp 
=——=", or —= oa 
w T'p w Tp 


so that = Tp 
Thus, from (1), we have 
C=O S a+. 
pP 


This gives the Electric Image transformation, with any subsequent 
rotation, followed (or, as is easily seen, preceded) by a translation. 
Hence the only series of surfaces which satisfy the question, are 
mutually perpendicular planes; and their images, which are series 
of spheres, passing through a common point and having their 
centres on three rectangular lines passing through that point. 

[For another mode of solution see Proc. R. S. H., Dec. 1877.] 


In some respects analogous to this is the celebrated physical 
problem of finding series of Orthogonal Isothermal Surfaces. We 
give a slight sketch of it here. 

If three such series of surfaces be denoted by their temperatures 
thus :— 

HiT, F=f, Uitges Ih 
the conditions of orthogonality are fully expressed by putting for 
the respective values of the flux of heat in each series 


VF, = ugg’, VF, =ugBq’, VF,= way, 
where a, 8, y form a constant rectangular unit vector system. 


But the isothermal conditions are simply 
Vil = VAR Vai 0, 
Hence we have three simultaneous equations, of which the 
first is 


[In the previous problem a might be any vector whatever, the 
values of w were equal, and the vector part only of the left-hand 
member was equated to zero. These conditions led to an unique 
form of solution. Nothing of the kind is to be expected here. ] 

From equation (a) we have at once 

S.a'Vv, + 28.aVqq" =0) 
V.a'Vv, — 2a’'S Vag" + 28(a'V) gq? = (cpa aeamaaine 


where v, has been put for log u,, and a’ for qaq”. 
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From the group of six equations, of which (b) gives two, we 
have 
p.voo. = 0: 
with three of the type 
S.a'S (a'V) gq? =0. 
We also obtain without difficulty 
YVv+ 4Vqq' =0, 
which may be put in the form 
V.(u,u,u,)* ¢ = 0. 
But when we attempt to find the value of dq we are led to 
expressions such as 
=V.a’S (a’dp) Vv, + 2dqq* = 0, 
which, in consequence of the three different values of v, are 
comparatively unmanageable. (See Ex. 24 at end of Chapter.) 
They become, however, comparatively simple when one of the 
three families is assumed. The student will find it useful to work 
out the problem when F’, represents a series of parallel planes, so 
that the others are cylinders; or when F, represents planes passing 
through a line, the others being surfaces of revolution ; &c. 


337. To find the orthogonal trajectories of a given series of 
surfaces. 

If the equation Fp=C 
give Svdp = 0, 
the equation of the orthogonal curves is 

Vidp = 0. 

This is equivalent to two scalar differential equations (§ 210), 
which, when the problem is possible, belong to surfaces on each of 
which the required lines lie. The finding of the requisite criterion 
we leave to the student. [He has only to operate on the last- 
written equation by S.a, where a is any constant vector; and, 
bearing this italicized word in mind, proceed as in § 334] 


Let the surfaces be concentric spheres. 


Here 8 
and therefore Vpdp = 0. 

Hence Tp’'dUp =— UpVpdp = 9, 
and the integral is Up = constant, 


denoting straight lines through the origin. 
te Od. i 
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Let the surfaces be spheres touching each other at a common 

point. The equation is (§ 235) 
- Sap? =O, 
whence V.papdp = 0. 
The integrals may be written 
S.a8p=0, p +hTVap =0, 

the first (8 being any vector) is a plane through the common 
diameter; the second represents a series of rings or tores (§ 340) 
formed by the revolution, about a, of circles touching that line 
at the point common to the spheres. 

Let the surfaces be similar, similarly situated, and concentric, 
surfaces of the second degree. 


Here Spxp = C0, 
therefore Vypdp = 0. 
But, by § 807, the integral of this equation is 
p=exe 
= die, 


where ¢ and y are related to each other, as in § 307; and ¢ is any 
constant vector. 


338. To integrate the linear partial differential equation of a 
family of surfaces. 
The equation (see § 330) 
du du’ du 
P_ t+ iB, +h =0 


may be put in the very simple form 


S(oV us OMe ee (1), 
if we write o=1P +jQ0+kR, 
Faint’ 8 (0) d 
A = re 
ae y MG tel igpeatiges 


[From this we see that the meaning of the differential 
equation is that at every point of the surface 


u = const. 


the corresponding vector, o, ts a tangent line. Thus we have a 
suggestion of the ordinary method of solving such equations. | 


(1) gives, at once, + Vu=mV6o, 


338. | GEOMETRY OF CURVES AND SURFACES. 259 


where m is a scalar and @ a vector (in whose tensor m might have 
been included, but is kept separate for a special purpose). Hence 


du =—S (dpV) w 
=—mS .0cdp 
= — Sédr, 

if we put dr =m Vedp 


so that m is an integrating factor of V.cdp. Ifa value of m can 
be found, it is obvious, from the form of the above equation, that 
@ must be a function of r alone; and the integral is therefore 


u= F (r) =const. 


where F is an arbitrary scalar function. 
Thus the differential equation of Cylinders is 


S(aV)u=0, 
where a is a constant vector. Here m=1, and 
u =F (Vap) = const. 


That of Cones referred to the vertex is 


S (pV) u=0. 
Here the expression to be made integrable is 
V pdp. 


But Hamilton long ago shewed that (§ 140 (2)) 
dUp _ y?e _ Vpdp 


imran pam i a) | 
which indicates the value of m, and gives 
u = F' (Up) =const. 

It is obvious that the above is only one of a great number of 
different processes which may be applied to integrate the differen- 
tial equation. It is quite easy, for instance, to pass from it to the 
assumption of a vector integrating factor instead of the scalar m, 
and to derive the usual criterion of integrability. There is no 
difficulty in modifying the process to suit the case when the right- 
hand member is a multiple of u. In fact it seems to throw a very 
clear light upon the whole subject of the integration of partial 
differential equations. If, instead of S (oV), we employ other 
operators as S(cV) S(rV), S.cVrV, &. (where V may or may not 
operate on wu alone), we can pass to linear partial differential 


17—2 
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equations of the second and higher orders. Similar theorems can 
be obtained from vector operators, as V (oV)*. 


339. Find the general equation of surfaces described by a line 
which always meets, at right angles, a fixed line. 

If a be the fixed line, 8 and y forming with it a rectangular 
unit system, then ’ 

p=aaty(B+2y), 

where y may have all values, but # and z are mutually dependent, 
is one form of the equation. 

Another, expressing the arbitrary relation between # and z, is 


But we may also write 
p=aF (a) + yo°B, 
as it obviously expresses the same conditions. 
The simplest case is when /'(”)=haz. The surface is one which 
cuts, in a right helix, every cylinder which has a for its axis, 


340. The centre of a sphere moves in a given circle, find the 
equation of the ring described. 


Let a be the unit-vector axis of the circle, its centre the origin, 
r its radius, a that of the sphere. 


Then (p—- 8) =-av 
is the equation of the sphere in any position, where 
SaB =0, B= 


These give (§ 326) S.a8p=0, and 8 must now be eliminated. 
The immediate result is that 


B=raUVap, 
giving (ep — 1’ +a’)? = 47°T* Vap, 
aT (pS Op) 
which is the required equation. It may easily be changed to 
(p? — a? + 17°)? = — 4a’p’ — 47° S?ap 
and in this form it enables us to give a very simple proof of the 
singular property of the ring (or tore) discovered by Villarceau. 


For the pl ae 
or the planes Sp(at a= 5; ) =0, 


* Tait, Proc. R. S. E., 1869-70. 
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which together are represented by 
r’ (7 — a’) Sap — a’*S*Bp = 0, 
evidently pass through the origin and touch (and cut) the ring. 
The latter equation may be written 
Sap — a’ (S’ap + S*p UB) =0, 
or eon ef PD AGUS) =O iisccccusssons (2). 
The plane intersections of (1) and (2) lie obviously on the new 
surface 
(p’ — a’ + 7°) = 4a°S?. ap UB, 
which consists of two spheres of radius 7, as we see by writing its 
separate factors in the form 


(p +aaUB)’+7r°=0. 


341. It may be instructive to work out this problem from a 
different point of view, especially as it affords excellent practice in 
transformations. 

A circle revolves about an axis passing within it, the perpen- 
dicular from the centre on the axis lying in the plane of the circle: 
shew that, for a certain position of the axis, the same solid may be 
traced out by a circle revolving about an external axis in its own 
plane. 

Let a=.,/b?+¢° be the radius of the circle, ¢ the vector axis of 
rotation, —ca (where 7a =1) the vector perpendicular from the 
centre on the axis 2, and let the vector 

bi + cia 
be perpendicular to the plane of the circle. 

The equations of the circle are 

| 


S(i+5 ia) p=0 


Also —p=S%ip+ Sap + S’. rap, 
2 
= Sip + Sap + = Sip 
by the second of the equations of the circle. But, by the first, 
(p? + O°)? = 40°S’ap = — 4 (c?p” + a*S%p), 

which is easily transformed into 

(9? — b= — 4a! (p* + Sip), 
or p —b°=— 2aT Vip. 
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If we put this in the forms 

p — 0’ = 2aSBp, 
and (p —af)?+c°=0, 
where 8 is a unit-vector perpendicular to ¢ and in the plane of 2 
and p, we see at once that the surface will be traced out by, a 
circle of radius c, revolving about 7, an axis in its own plane, 
distant a from its centre. 

[This problem is not well adapted to shew the gain in brevity 
and distinctness which generally attends the use of quaternions ; 
as, from its very nature, it hints at the adoption of rectangular 
axes and scalar equations for its treatment, so that the solution 
we have given is but little different from an ordinary Cartesian 
one. | 


342. A surface is generated by a straight line which intersects 
two fixed straight lines: find the general equation. 

If the given lines intersect, there is no surface but the plane 
containing them. 

Let then their equations be, 


p=a+xep, p=a,+2,8.. 
Hence every point of the surface satisfies the condition, § 30, 
p=y(a+x8) + (1 —y) (a, +2,8,)....-..++-006(1). 
Obviously y may have any value whatever: so that to specify a 
particular surface we must have a relation between # and a, By 
the help of this, #, may be eliminated from (1), which then takes 
the usual form of the equation of a surface 


p= (2, y)- 
Or we may operate on (1) by V.(a+a8—a,—~2,8,), so that we 
get a vector equation equivalent to two scalar equations (§§ 98, 123), 
and not containing y. From this # and a, may easily be found in 
terms of p, and the general equation of the possible surfaces may 


be written 

S (4, @,) ae 0, 
where / is an arbitrary scalar function, and the values of « and z, 
are expressed in terms of p. 

This process is obviously applicable if we have, instead of two 
straight lines, any two given curves through which the line must 
pass; and even when the tracing line is itself a given curve, 
situated in a given manner. But an example or two will make the 
whole process clear. 
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343. Suppose the moveable line to be restricted by the condition 
that it 1s always parallel to a fixed plane. 


Then, in addition to (1), we have the condition 
Sy (a, +2,8,-—a—«#8)=0, 
y being a vector perpendicular to the fixed plane. 

We lose no generality by assuming a and a, which are any 
vectors drawn from the origin to the fixed lines, to be each per- 
pendicular to y; for, if for instance we could not assume Sya = 0, 
it would follow that Sy8=0, and the required surface would either 
be impossible, or would be a plane, cases which we need not con- 
sider. Hence 

x, SyB, — «SyB =0. , 

Eliminating «,, by the help of this equation, from (1) of last section, 
we have 

. e ae 

p=y(a+a#P) + (1—y) (a, + 28, S78) 

Operating by any three non-coplanar vectors and with the charac- 

teristic S, we obtain three equations from which to eliminate w and 


y. Operating by S.y we find 
Syp = eSBy. 
Eliminating « by means of this, we have finally 
BSyp B,Syp ) na 
S.p(a+ aie: SB.y =0, 
which appears to be of the third degree. It is really, however, only 


of the second degree: since, in consequence of our assumptions, 
we have 


Vaa, || y, 
and therefore Syp is a spurious factor of the left-hand side. 


344. Let the fixed lines be perpendicular to each other, and let 
the moveable line pass-through the circumference of a circle, whose 
centre is in the common perpendicular, and whose plane bisects that 
line at right angles. 

Here the equations of the fixed lines may be written 

p=a+aB, p=—atay, 
where a, 8, y form a rectangular system, and we may assume the 


two latter to be unit-vectors. 
The circle has the equations 


p- =— ds Sap =): 
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Equation (1) of § 842 becomes 
p=y (at #B)+(1—y) (-a+ 49). 


Hence Sa*p=y—(1—y)=0, or y=%. 
Also p=—e=(Qy—-1lf a — wy? —a7 (1— yy’, 
or 4a? = (x + x,’), 


so that if we now suppose the tensors of 8 and y to be each 2a, we 
may put #=cos @, w, =sin O, from which 
p=(2y—1)a+yB cos 0+ (1—y) ysin 6; 
Ss wy oS 

(l+Satp' (—Sat py 

For this specially simple case the solution is not better than the 
ordinary Cartesian one; but the student will easily see that we 
may by very slight changes adapt the above to data far less sym- 
metrical than those from which we started. Suppose, for instance, 
8 and y not to be at right angles to one another; and suppose the 
plane of the circle not to be parallel to their plane, &., &e. But 
farther, operate on every line in space by the linear and vector 
function ¢, and we distort the circle into an ellipse, the straight 
lines remaining straight. If we choose a form of ¢ whose principal 
axes are parallel to a, 8, y, the data will remain symmetrical, but 
not unless. This subject will be considered again in the next 
Chapter. 


Aa}, 


and finally 


345. To find the curvature of a normal section of a central 
surface of the second degree. 


In this, and the few similar investigations which follow, it will 
be simpler to employ-infinitesimals than differentials ; though for 
a thorough treatment of the subject the latter method, as it may 
be seen in Hamilton’s Hlements, is preferable. 


We have, of course, Spdp =—1, 


and, if p + dp be also a vector of the surface, we have rigorously, 
whatever be the tensor of 8p, 


S(p + 6p) $(p + 8p) =—1. 
Hence ASdodp 4+ Sopoop = 0...0.,.cssnessneee ees CL): 


Now ¢p is normal to the tangent plane at the extremity of p, 
so that if¢ denote the distance of the point p + Sp from that plane 


t= — Sop Up, 
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and (1) may therefore be written 
2tT op — T’SpS . USppUSp = 0. 


But the curvature of the section is evidently 


2t 
f T Sp ? 
or, by the last equation, 


1 
a LS.USpd V8p. 
Tép * ppUcp 


In the limit, 6p is a vector in the tangent plane; let a be the 
vector semidiameter of the surface which is parallel to it, and the 
equation of the surface gives 


T’a.S.UapUa=—1, 


so that the curvature of the normal section, at the point p, in the 


direction of a, is 
1 


T bp Tm’ 
directly as the perpendicular from the centre on the tangent plane, 
and inversely as the square of the semidiameter parallel to the 
tangent line, a well-known theorem. 


346. By the help of the known properties of the central 
section parallel to the tangent plane, this theorem gives us all 
the ordinary properties of the directions of maximum and mini- 
mum curvature, their being at right angles to each other, the 
curvature in any normal section in terms of the chief curvatures 
and the inclination to their planes, &c., W&c., without farther 
analysis. And when, in a future section, we shew how to find 
an osculating surface of the second degree at any point of a given 
surface, the same properties will be at once established for surfaces 
in general. Meanwhile we may prove another curious property 
of the surfaces of the second degree, which similar reasoning 
extends to all surfaces. 

The equation of the normal at the point p+ 6p on the surface 
treated in last section is 


w= pt dptih (9 +5p) ccrrccerscreeenee (1). 
This intersects the normal at p if (§§ 216, 223) 
that is, by the result of § 290, if 8p be parallel to the maximum or 
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minimum diameter of the central section parallel to the tangent 
plane. 
Let o, and o, be those diameters, then we may write in general 
op = po, + 96% 
where p and q are scalars, infinitely small. 


If we draw through a point P in the normal at p,a line parallel 
to o,, we may write its equation 


@a=p+adp+ yo,. 
The proximate normal (1) passes this line at a distance (see § 216) 


S. (agp — 8p) UVa, (p + &p), 


or, neglecting terms of the second order, 


1 
Tage (PS: d97.h2, + 19S. $70, + 48. 0.7.60). 


The first term in the bracket vanishes because o, is a principal 
vector of the section parallel to the tangent plane, and thus the 


expression becomes 
a 
aw. —T'c,). 
q (re. 2 


Hence, if we take a= T7'c,’, the distance of the normal from the 
new line is of the second order only. This makes the distance of 
P from the point of contact Tp To,’, i.e. the principal radius of 
curvature along the tangent line parallel to c,. That is, the group 
of normals drawn near a point of a central surface of the second 
degree pass ultimately through two lines each parallel to the tangent 
to one principal section, and drawn through the centre of curvature 
of the other. The student may form a notion of the nature of this 
proposition by considering a small square plate, with normals 
drawn at every point, to be slightly bent, but by different amounts, 
in planes perpendicular to its edges. The first bending will make 
all the normals pass through the axis of the cylinder of which the 
plate now forms part; the second bending will not sensibly disturb 
this arrangement, except by lengthening or shortening the line in 
which the normals meet, but it will make them meet also in the 
axis of the new cylinder, at right angles to the first. A small 
pencil of light, with its focal lines, presents this appearance, due 
to the fact that a series of rays originally normal to a surface 
remain normals to a surface after any number of reflections and 
(ordinary) refractions. (See § 332.) 
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347. To extend these theorems to surfaces in general, it is 

only necessary, as Hamilton has shewn, to prove that if we write 
dv = ddp, 

is a self-conjugate function ; and then the properties of , as ex- 

plained in preceding Chapters, are applicable to the question, 

As the reader will easily see, this is merely another form of the 
investigation contained in § 334, But it is again cited here to 
shew what a number of very simple demonstrations may be given 
of almost all quaternion theorems. 

The vector vy is defined by an equation of the form 

djp = Svdp, 

where f is a scalar function. Operating on this by another inde- 
pendent symbol of differentiation, 6, we have 

dd fp = Sdvdp + Svddp. 
In the same way we have : 

défp = Sdvép + Svdép. 
But, as d and 6 are independent, the left-hand members of these 
equations, as well as the second terms on the right (if these exist 
at all), are equal, so that we have 

Sdvdp = Sédvdp. 
This becomes, putting dv = ddp, 
and therefore dv = Pop, 
Sopddp = Sdpdép, 


which proves the proposition. 


348. If we write the differential of the equation of a surface 

in the form 
dfp = 2Svdp, 
then it is easy to see that 
Ft (p+dp) =fp + 2Svdp + Sdrdp + &c., 
the remaining terms containing as factors the third and higher 
powers of Tdp. To the second order, then, we may write, except 
for certain singular points, 
0 = 2Svdp + Sdrdp, 
and, as before, (§ 345), the curvature of the normal section whose 
tangent line is dp is 1 ; ly 
Tp dp 
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349. The step taken in last section, although a very simple 
one, virtually implies that the first three terms of the expansion of 
f(p+dp) are to be formed in accordance with Taylor's Theorem, 
whose applicability to the expansion of scalar functions of quater- 
nions has not been proved in this work (see § 142) ; we therefore 
give another investigation of the curvature of a normal section, 
employing for that purpose the formulae of § 299. 

We have, treating dp as an element of a curve, 


Svdp = 0, 
or, making s the independent variable, 
Svp’ = 0. 


From this, by a second differentiation, 
dv , ae 
The curvature is, therefore, since v || p” and 7p’ = 1, 
18a dp ee ay. 
Mt eee ¥ pee / Se ie fi ; 
Tp Ty ae iB GBS before 
350. Since we have shewn that 
dv = ddp 
where ¢ is a self-conjugate linear and vector function, whose con- 
stants depend only upon the nature of the surface, and the position 
of the point of contact of the tangent plane; so long as we do not 


alter these we must consider ¢ as possessing the properties explained 
in Chapter V. 


Hence, as the expression for 7p” does not involve the tensor of 


dp, we may put for dp any unit-vector 7, subject of course to the 
condition 


And the curvature of the normal section whose tangent is 7 is 
1 7 
T S _ =— a Stor. 
If we consider the central section of the surface of the second degree 
Soda + Tv=0, 
made by the plane Sva = 0, 
we see at once that the curvature of the given surface along the 
normal section touched by + is inversely as the square of the 


parallel radius in the aumihary surface. This, of course, includes 
Kuler’s and other well-known Theorems. 
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351. To find the directions of maximum and minimum 
curvature, we have 
Stor = max, or min. 


with the conditions, Syvr = 0, 
Pra 1; 
By differentiation, as in § 290, we obtain the farther equation 
pare rae ot iiaiis nes. (1) 


If + be one of the two required directions, 7’ =7Uv is the other, 
for the last-written equation may be put in the form 


S.7Uv¢ (vt Uv) = 0, 
Le. S.17'¢ (vr’) =0, 
or S.vt7'dr’ =0. 
Hence the sections of greatest and least curvature are perpendicular 
to one another. 
We easily obtain, as in § 290, the following equation 
S.v(¢+Srdr)'v=0, 
which gives two values of Stdr, and these divided by — Tv are 
the required curvatures. 


352. Before leaving this very brief introduction to a subject, 
an exhaustive treatment of which will be found in Hamilton’s 
Elements, we may make a remark on equation (1) of last section 


S.vrdt =0, 
or, as it may be written, by returning to the notation of § 350, 
S.vdpdv = 0. 

This is the general equation of lines of curvature. For, if we 
define a line of curvature on any surface as a line such that 
normals drawn at contiguous points in it intersect, then, do being 
an element of such a line, the normals 

@w=pt+av and w=ptopty (vt or) 
must intersect. This gives, by § 216, the condition 
S. dpvdv = 0, 
as above. 
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EXAMPLES TO CHAPTER X. 


1. Find the length of any are of a curve drawn on a sphere 
so as to make a constant angle with a fixed diameter. 


2. Shew that, if the normal plane of a curve always contains 
a fixed line, the curve is a circle. 


3. Find the radius of spherical curvature of the curve 
p= $t. 
Also find the equation of the locus of the centre of spherical 
curvature. 
4. (Hamilton, Bishop Law's Premium Examination, 1854.) 


(a) If p be the variable vector of a curve in space, and if the 
differential d« be treated as = 0, then the equation 


dT'(p —x)=0 
obliges « to be the vector of some point in the normal plane to 
the curve. 


(b) In like manner the system of two equations, where dx 
and d?« are each =O, 


aT (p—«)=0, d’T (p—x)=0, 
represents the axis of the element, or the right line drawn through 


the centre of the osculating circle, perpendicular to the osculating 
plane. 


(c) The system of the three equations, in which « is treated 
as constant, 


dT (p —x) =0, ad’T (p—«)=0, aT (p—x)=0, 
determines the vector « of the centre of the osculating sphere. 


(d) For the three last equations we may substitute the 
following : 


Houvet 
: S.(p—«)d’p+dp?=0, 
S.(p—«) d’p +38. dpd’p =0. 


(e) Hence, generally, whatever the independent and scalar 
variable may be, on which the variable vector p of the curve 
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depends, the vector « of the centre of the osculating sphere admits 
of being thus expressed : 


rae 3V. cdl wal dpd*p —dp*V .dpd*p ; 
S. dpdpd’p 
(f) In general 
d(p*V.dpUp)=d(Tp°V. pdp) 
= Tp* (3V. pdpS.pdp — p*V . pd’p) ; 


whence, 
3V.pdpS.pdp —p*V.pd’p= p*Tpd (p*V.dpUp); 

and, therefore, the recent expression for « admits of being thus 
transformed, 
dp*d (dp*V .d’pUdp) 

S.d’pd’pUdp 

(g) If the length of the element of the curve be constant, 
dTdp =0, this last expression for the vector of the centre of the 
osculating sphere to a curve of double curvature becomes, more 
simply, 


K=prt+ 


54 2: pdp* 
ta LS 3 dpd’pd'p’ 
= V.d’pdp’® 
or K=pt+ .dod'od’o dpdpd'p’ 


(h) Verify that this expression gives «=0, for a curve 
described on a sphere which has its centre at the origin of vectors ; 
or shew that whenever d7p=0, d’7p=0, d’[p=0, as well as 
dTdp = 0, then 

pS.dp'd’pd'p = V. dpd’p. 

5. Find the curve from every point of which three given 

spheres appear of equal magnitude. 


6. Shew that the locus of a point, the difference of whose 
distances from each two of three given points is constant, is a 
plane curve. 


7. Find the equation of the curve which cuts at a given angle 
all the sides of a cone of the second degree. 

Find the length of any arc of this curve in terms of the 
distances of its extremities from the vertex. 


8. Why is the centre of spherical curvature, of a curve 
described on a sphere, not necessarily the centre of the sphere ? 


a 


9, Find the equation of the developable surface whose gene- 
rating lines are the intersections of successive normal planes to a 
given tortuous curve. 
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10. Find the length of an are of a tortuous curve whose 
normal planes are equidistant from the origin. 


11. The reciprocals of the perpendiculars front the origin on 
the tangent planes to a developable surface are vectors of a 
tortuous curve; from whose osculating planes the cusp-edge of 
the original surface may be reproduced by the same process. 


12. The equation p= Va; 


where a is a unit-vector not perpendicular to 8, represents an 
ellipse. If we put y= Va@, shew that the equations of the locus 
of the centre of curvature are 


S.Byp =0, 
S*Bp + S'yp = (BSUap)*. 


13. Find the radius of absolute curvature of a spherical 
conic. 


14, Ifa cone be cut in a circle by a plane perpendicular to a 
side, the axis of the right cone which osculates it, along that side, 
passes through the centre of the section. 


15. Shew how to find the vector of an umbilicus. Apply 
your method to the surfaces whose equations are 


Spgp =—1, 
and SapS8pSyp = — 1. 
16. Find the locus of the umbilici of the surfaces represented 
by the equation 
Sp ($+h)"p =—1, 


where h is an arbitrary parameter. 


17. Shew how to find the equation of a tangent plane which 


touches a surface along a line, straight or curved. Find such 
planes for the following surfaces 


Spop =—1, 
Sp (p— p’)"p =—1, 
and (p* — a*+ b”)’ + 4 (a*p® + BS’ap) = 0. 
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18. Find the condition that the equation 
S(p +4) dp=—1, 
where ¢ is a self-conjugate linear and vector function, may 
represent a cone. 


19, Shew from the general equation that cones and cylinders 
are the only developable surfaces of the second degree. 


20. Find the equation of the envelop of planes drawn at each 
point of an ellipsoid perpendicular to the radius vector from the 
centre. 


21. Find the equation of the envelop of spheres whose centres 
lie on a given sphere, and which pass through a given point. 


22. Find the locus of the foot of the perpendicular from the 
centre to the tangent plane of a hyperboloid of one, or of two, 
sheets. — : 


23. Hamilton, Bishop Law’s Premiwm Examination, 1852. 


(a) If p be the vector of a curve in space, the length of the 
element of that curve is Tdp; and the variation of the length of a 
finite arc of the curve is 

5{Tdp = — [SUdpédp = — ASUdpdp + {SdUdpép. 

(b) Hence, if the curve be a shortest line on a given surface, 
for which the normal vector is v, so that Svép = 0, this shortest or 
geodetic curve must satisfy the differential equation, 

Vid Udp = 0. 

Also, for the extremities of the are, we have the limiting 
equations, 

SUdp,dp, = 9; SUdp,$p, = 9. 
Interpret these results. 

(c) For a spheric surface, Vip =0, V.pdUdp=0; the inte- 
grated equation of the geodetics is VpUdp =a, giving Sap = 0 
(great circle). 

For an arbitrary cylindric surface, 

Sav = 0, S.adUdp =0; 
the integral shews that the geodetic is generally a helix, making 
a constant angle with the generating lines of the cylinder. 
(d) For an arbitrary conic surface, 
Svp = 0, SpdUdp = 0; 
T, Q. 1 18 
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integrate this differential equation, so as to deduce from it, 
TV pUdp = const. 

Interpret this result; shew that the perpendicular from the 
vertex of the cone on the tangent to a given geodetic line is 
constant; this gives the rectilinear development. 

When the cone is of the second degree, the same property is a 
particular case of a theorem respecting confocal surfaces. 


(e) For a surface of revolution, 
S.apv =0, S.apdUdp=0; 
integration gives, 
const. = S.apUdp = TVapSU (Vap .dp); 
the perpendicular distance of a point on a geodetic line from the 
axis of revolution varies inversely as the cosine of the angle under 
which the geodetic crosses a parallel (or circle) on the surface. 


(f) The differential equation, S.apdUdp =0, is satisfied not 
only by the geodetics, but also by the circles, on a surface of 
revolution; give the explanation of this fact of calculation, and 
shew that it arises from the coincidence between the normal plane 
to the circle and the plane of the meridian of the surface. 


(g) For any arbitrary surface, the equation of the geodetic 
may be thus transformed, S.vdpd’p=0; deduce this form, and 
shew that it expresses the normal property of the osculating plane. 


(h) If the element of the geodetic be constant, dTdp=0, 
then the general equation formerly assigned may be reduced to 
Vivd'p =0, 

Under the same condition, d’p = — v"Sdrdp. 


(1) If the equation of a central surface of the second order be 
put under the form fp=1, where the function f is scalar, and 
homogeneous of the second dimension, then the differential of that 
function is of the form dfp =2S.vdp, where the normal vector, 
v=p, is a distributive function of p (homogeneous of the first 
dimension), dv = ddp = ddp. 

This normal vector v may be called the vector of proximity 
(namely, of the element of the surface to the centre); because its 
reciprocal, v', represents in length and in direction the perpen- 
dicular let fall from the centre on the tangent plane to the surface, 


(hk) Tf we make Sc¢p=f(o, p) this function f is commu- 
tative with respect to the two vectors on which it depends, 
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J (p, ©) =f (c, p); it is also connected with the Sormer function f, 
of a single vector p, by the relation, f(p, p) =fp: so that 


Sp =Spdp. 
Jdp = Sdpdv ; dfdp = 28, dvd’p ; for a geodetic, with constant 
element, 
dfdp | dp 
2fdp Rages 
this equation is immediately integrable, and gives const. 


= Tv (fUdp) = reciprocal of Joachimstal’s product, PD. 


(1) If we give the name of “Didonia” to the curve (discussed 
by Delaunay) which, on a given surface and with a given perimeter, 
contains the greatest area, then for such a Didonian curve we have 
by quaternions the formula, 

JS. UvdpSp + cd{Tdp = 0, 
where ¢ is an arbitrary constant. 


Derive hence the differential equation of the second order, 
equivalent (through the constant c) to one of the third order, 


c'dp=V. UvdUdp. 
Geodetics are, therefore, that limiting case of Didonias for 
which the constant c is infinite. 
On a plane, the Didonia is a circle, of which the equation, 
obtained by integration from the general form, is 


p=a+cUrdp, 
a being vector of centre, and c being radius of circle. 
(m) Operating by S. Udp, the general differential equation of 
the Didonia takes easily the following forms : 
ce’ Tdp =S (Uvdp .dUdp) ; 
c'Tdp’ = S (Uvdp . d’p) ; 
c'Tdp® = 8. Uvdpd’p ; 


(n) The vector , of the centre of the osculating circle to a 
curve in space, of which the element Tdp is constant, has for 


ex pression 5 . 


d 
o=ptp, 


Loe 
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Hence for the general Didonia, 
=] (@ cs p)- , 
Oa Uvdp ’ 


T (p —w) =cSU © 


— 
vdp ~ 


(0) Hence, the radius of curvature of any one Didonia varies, 
in general, proportionally to the cosine of the inclination of the 
osculating plane of the curve to the tangent plane of the surface. 


And hence, by Meusnier’s theorem, the difference of the 
squares of the curvatures of curve and surface is constant; the 
curvature of the surface meaning here the reciprocal of the radius 
of the sphere which osculates in the direction of the element of 
the Didonia. 


(p) In general, for any curve on any surface, if € denote the 
vector of the intersection of the axis of the element (or the axis of 
the circle osculating to the curve) with the tangent plane to the 
surface, then 

- vdp* 

Saale Asiatic 
Hence, for the general Didonia, with the same signification of the 
symbols, 

E=p—cUrdp; 
and the constant c expresses the length of the interval p — &, 
intercepted on the tangent plane, between the point of the curve 
and the axis of the osculating circle. 


(q) If, then, a sphere be described, which shall have its 
centre on the tangent plane, and shall contain the osculating 
circle, the radius of this sphere shall always be equal to c. 


(r) The recent expression for £, combined with the first form 
of the general differential equation of the Didonia, gives 


d&=—cVdUvUdp ; Vodé =0. 


(s) Hence, or from the geometrical signification of the con- 
stant ¢c, the known property may be proved, that if a developable 
surface be circumscribed about the arbitrary surface, so as to touch 
it along a Didonia, and if this developable be then unfolded into a 
plane, the curve will at the same time be flattened (generally) 
into a circular arc, with radius = c. 
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24, Find the condition that the equation 
Sp (o+f)'p=-1 


may give three real values of f for any given value of p. If fbea 
function of a scalar parameter £ shew how to find the form of this 
function in order that we may have 


eae. oe oe 

WME = aa aye t det = 

Prove that the following is the relation between f and &, 

df df 
cf = —_ =[5 
ING:AF)G2+F)Gs+F) iv™ 

in the notation of § 159. (Tait, Trans. R. S. E. 1873.) 


0. 


25. Shew, after Hamilton, that the proof of Dupin’s theorem, 
that “each member of one of three series of orthogonal surfaces 
cuts each member of each of the other series along its lines of 
curvature,” may be expressed in quaternion notation as follows : 


If Svdp =0, Sv’'dp = 0, S.vv'dp=0 
be integrable, and if 
Svv'=0, then Vv'dp=0, makes S.vy'dv=0. 
Or, as follows, 
If SvVv=0,. Sv’Vv'=0, Sv’Vv"=0, and V.vw'v"”=0, 


then S.v" (Sv'V) v=0, 
ince ls d 
where led lacs oad 
26. Shew that the equation 
Vap = pVBp 


represents the line of intersection of a cylinder and cone, of the 
second order, which have 8 as a common generating line. 


27. Two spheres are described, with centres at A, b, where 


OA =a, OB=B8, and radii a, b. Any line, OPQ, drawn from the 
origin, cuts them in P, Q respectively. Shew that the equation 
of the locus of intersection of AP, BQ has the form 


V{a+aU (p—a)} (8 +bU(p—A)} =0. 
Shew that this involves S.a8p=0, 


and therefore that the left side is a scalar multiple of V.a8, so 
that the locus is a plane curve. 
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Also shew that in the particular case 
Vas = 0, 
the locus is the surface formed by the revolution of a Cartesian 
oval about its axis. 


28. Integrate the equations 
Vdp {(p — a)" —(p+a)"} =0, 
V.dpVB {(p—a)*—(p+ay"} =0. 
Shew that each represents a series of circles in space. What 
is the common property of the circles of each series? [See § 140, 


(10), (11). 


29. Express the general equation of a knot of any kind, on 
an endless cord, in the form 
p= $ (8); 
pointing out precisely the nature of the function ¢. 


What are the conditions to which ¢ must be subject, when 
possible distortions of the knot are to be represented? What are 
the conditions that the string may be capable of being brought 
into a mere ring form ? 


30. Find the envelop of the planes of equilateral triangles 
whose vertices are situated in three given lines in space. What 
does it become when two, or all three, of these lines intersect ? 


31. Form the equation of the surface described by a circle, 
when two given points in its axis are constrained to move on given 
straight lines. Also when the constraining lines are two concentric 
circles in one plane. 


CHAPTER XI. 
KINEMATICS. 


353. In the present Chapter it is not proposed to give a 
connected account of even the elements of so extensive a subject 
as that indicated by the Title. All that is contemplated is to 
treat a few branches of the subject in such a way as to shew the 
student how to apply the processes of Quaternions. 

And, with a view to the next Chapter, the portions selected 
for treatment will be those of most direct interest in their physical 
applications. 


A. Kinematics of a Point. 


354. When a point’s vector, p, is a function of the time ¢, we 
have seen (§ 36) that its vector-velocity is expressed by oF or, 10 


Newton’s notation, by p. 
That is, if p=¢t 
be the equation of an orbit, containing (as the reader may see) not 
merely the form of the orbit, but the law of its description also, 
then bt 
p=$t 
gives at once the form of the Hodograph and the law of its 


description. | . 
This shews immediately that the vector-acceleration of a point's 


motion, 
d’p or e) 
| 


ae 
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is the vector-velocity in the hodograph. Thus the fundamental pro- 
perties of the hodograph are proved almost intuitively. 


355. Changing the independent variable, we have 


dp ds 3 
~ ds dt P? 
if we employ the dash, as before, to denote w ‘ 


ds 

This merely shews, in. another form, that p expresses the 
velocity in magnitude and direction. But a second differentiation 
gives 

p= rp +p". 

This shews that the vector-acceleration can be resolved into two 
components, the first, vp’, being in the direction of motion and 
equal in magnitude to the acceleration of the speed, 0 or o 
the second, v’p”, being in the direction of the radius of absolute 
curvature, and having for its amount the square of the speed 
multiplied by the curvature. 


[It is scarcely conceivable that this important fundamental 


proposition can be proved more elegantly than by the process 
just given. | 


356. If the motion be in a plane curve, we may write the 
equation as follows, so as to introduce the usual polar céordinates, 
r and 6, 

para” 8. 
where a is a unit-vector perpendicular to, @ a unit-vector in, the 
plane of the curve. 

Here, of course, r and @ may be considered as connected by one 
scalar equation ; or better, each may be looked on as a function of 
t. By differentiation we get 


para” B+ roa” B, 
which shews at once that 7 is the velocity along, 7@ that perpen- 
pendicular to, the radius vector. Again, 
p=(F—r&) f°" B+ (276 + 16) ac” B, 
which gives, by inspection, the components of acceleration along, 


and perpendicular to, the radius vector. 


357. For uniform acceleration in a constant direction, we have 
at once 
p=a. 
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Whence p= at +B, 


where 8 is the vector-velocity at epoch. This shews that the 
hodograph is a straight line described uniformly, 


2 
Also p= cs + Bt, 


no constant being added if the origin be assumed to be the position 
of the moving point at epoch. 

Since the resolved parts of p, parallel to 8 and a, vary respect- 
ively as the first and second powers of t, the curve is evidently a 


parabola (§ 31 (/)). 
But we may easily deduce from the equation the following 
result, 


T(p +48a*B)=— SUa (p + 5a) 


the equation of a paraboloid of revolution, whose axis is a. Also 
S. aBp =0, 

and therefore the distance of any point in the path from the 

point —48a"@ is equal to its distance from the line whose 

equation is 


(oe 
Sule a*?+avaVap. 


Thus we recognise the focus and directrix property. [The 
student should remark here how the distances of the point of 
projection (which may, of course, be any point of the path) from 
the focus and from the directrix are represented in magnitude and 
direction by the two similar but different expressions 

—$Ba"B and —38'a", 
or —4(Ba")B and —}36 (Ba”). 
This is an excellent example of the non-commutative character of 
quaternion multiplication. ] 


358. That the moving point may reach a point y (where y is, 
of course, coplanar with a and 8) we must have, for some real 
value of ¢, 

yaat + Bt 
Now suppose 7'8, the speed of projection, to be given =v, and, 


for shortness, write @ for UB. 


a 
Then YH GEA UT veverrrrrerrreeeeeeeees (a). 


282 QUATERNIONS. [359- 


Since To =1, 
4h 244 
ee — (vw? — Say)? + Th’ = 0. 
The values of ¢’ are real if 
(v? — Say)? — Ta? Try’ 

is positive. Now, as TaTZ'y is never less than Say, this condition 
evidently requires that v?— Say also shall be positive. Hence, 
when they are real, both values of ¢’ are positive. Thus we have 
four values of t which satisfy the conditions, and it is easy to see 
that since, disregarding the signs, they are equal two and two, 
each pair refer to the same path, but described in opposite durec- 
tions between the origin and the extremity of y. There are 
therefore, if any, in general two parabolas which satisfy the 
conditions. The directions of projection are (of course) given by 
the corresponding values of a. These, in turn, are obtained at 
once from (q@) in the form 


we have 


Vv l Ly 
o=-—-y— = 
fais One 


where ¢ has one or other of the values previously found. 


359. The envelop of all the trajectories possible, with a given 
speed, evidently corresponds to 


(v® — Say)’ — To’ Try’ = 0, 
for then y is the vector of intersection of two indefinitely close 
paths in the same vertical plane. 
Now v — Say = TaTy 


is evidently the equation of a paraboloid of revolution of which 


the origin is the focus, the axis parallel to a, and the directrix 
2 


plane at a distance re : 


All the ordinary problems connected with parabolic motion are 
easily solved by means of the above formule. Some, however, are 
even more easily treated by assuming a horizontal unit-vector in 
the plane of motion, and expressing 8 in terms of it and of a. 
But this must be left to the student. 


360. For acceleration directed to or from a fixed point, we 
have, taking that point as origin, and putting P for the magnitude 
of the central acceleration, 


p=PUp. 
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From this, at once, 
Vpp = 0. 
Integrating Vpp = =a constant vector, 

The interpretation of this simple formula is—sirst, p and p are 
in a plane perpendicular to y, hence the path is in a plane (of 
course passing through the origin); second, the doubled area of 
the triangle, two of whose sides are p and # (that is, the moment 
of the velocity) is constant. 

[It is scarcely possible to imagine that a more simple proof 
than this can be given of the fundamental facts, that a central 
orbit is a plane curve, and that equal areas are described by the 
radius vector in equal times. ] 


361. When the law of acceleration to or from the origin is 
that of the inverse square of the distance, we have 


m 
tee Tp?’ 
where m is negative if the acceleration be directed to the origin. 
.. mUp 
Hence p= Tp’ 


The following beautiful method of integration is due to Hamil- 
ton. (See § 140, (2).) 
dUp___Up.Vpp__ Up.y 


Generally, =a To = To? ; 
therefore py=—m otal : 
and py =e—muUp, 
where ¢€ is a constant vector, perpendicular to y, because 
Srp = 0. 


Hence, in this case, we have for the hodograph, 
p=ey'—mUp.y". 

Of the two parts of this expression, which are both vectors, the 
first is constant, and the second is constant in length. Hence the 
locus of the extremity of f is a circle in a plane perpendicular to 
(ie. parallel to the plane of the orbit), whose radius is Z7’.my™, 
and whose centre is at the extremity of the vector ey”. 

[This equation contains the whole theory of the Circular 
Hodograph. Its consequences are developed at length in Hamil- 
ton’s Elements. ] 
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362. We may write the equations of this circle in the form 
T(p—ey’)=T.my", 
(a sphere), and Syp = 0 
(a plane through the origin, and through the centre of the sphere). 
The equation of the orbit is found by operating by V.p upon 
that of the hodograph. We thus obtain , 
y=V.pey? + mT py", 
or y’ = Sep + mTp, 
or mT'p = Se (y*e* — p); 
in which last form we at once recognise the focus and directrix 
property. This is in fact the equation of a conicoid of revolution 
about its principal axis (e), and the origin is one of the foci. The 
orbit is found by combining it with the equation of its plane, 
Srp = 0. 
We see at once that y*e* is the vector distance of the directrix 
from the focus; and similarly that the excentricity is 7’.em™, and 
my” 


the major axis 27’ — 4 
J mv+eé 


363. To take a simpler case: let the acceleration vary as the 
distance from the origin. 


Then p=+m’p, 


the upper or lower sign being used according as the acceleration is 
from or to the centre. 


ae & 
This is (a2 + nm) p=0. 
Hence p= aeme 4. Be~mt ; 
or p=acosmt+ 8 sin mt, 


where a and @ are arbitrary, but constant, vectors; and e is the 
base of Napier’s logarithms. 


The first is the equation of a hyperbola (§ 31, k) of which a 
and £ are the directions of the asymptotes; the second, that of an 
ellipse of which a and 8 are semi-conjugate diameters. 


Since p=m {acm — Be-mt}, 
or =m {—asin mt + B cos mt}, 


the hodograph is again a hyperbola or ellipse. But in the first 
case it is, if we neglect the change of dimensions indicated by the 
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scalar factor m, conjugate to the orbit; in the ease of the ellipse 
it is similar and similarly situated. 


364, Again, let the acceleration be as the inverse third power of 
the distance, we have 
mUp 
Ms 


Of course, we have, as usual, 


Also, operating by S. £, 


spp = 
of which the integral is 
p= 0-4, 
the equation of energy. 
Again, Spp = 3 . 
Hence Spp + p’=C, 
or Spp = Ct, 


no constant being added if we reckon the time from the passage 
through the apse, where Spp = 0. 
We have, therefore, by a second integration, 


ber LSE. Gries decaig ete des iantv ares (1) 
[To determine C’, remark that 
pp=Ct+y4, 
or pp? = Ct 9. 
But p’p’ = Cp’ — m (by the equation of energy), 


= 0*¢? ++ CC’ —m, by (1). 
Hence CO’ =m —-y’.] 
To complete the solution, we have, by § 140 (2), 


pou ryt 2 log UP 
Bsc dE Da ae ae 
where @ is a unit-vector in the plane of the orbit. 
Pe y 
But anaes 
‘ ie pP 
Up dt 


Hence log B a ary OF +0 " 
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The elimination of ¢ between this equation and (1) gives 7p in 
terms of Up, or the required equation of the path. 

We may remark that if @ be the ordinary polar angle in the 
orbit, 


log f = 0 Uy, 
Hence we have 0=— Try | a 
ICO, 
and rP=—(C?+C) 
from which the ordinary equations of Cotes’ spirals can be at once 
found. [See Tait and Steele’s Dynamics of a Particle, Appendix 
(A).] 


365. To find the conditions that a given curve may be the hodo- 
graph corresponding to a central orbit. 

If @ be its vector, given as a function of the time, fadt is that 
of the orbit; hence the requisite conditions are given by 


where ¥ is a constant vector. 
We may transform this into other shapes more resembling the 
Cartesian ones. 


Thus Valadt& 0,88. sees coe (2), 
and Vafadt + Vaan =0. 
From (2) fadt = ae, 
and therefore by (1) wVaa=y, 


or the curve is plane. And 

wVaa+Vaa=0; 

or eliminating 2, yVaa =—(Vaa)’. 

Now if v’ be the velocity in the hodograph, R’ its radius of curva- 


ture, p’ the perpendicular on the tangent; this equation gives at 
once 


hy’ = R'p”, 


which agrees with known results, 


366. The equation of an epitrochoid or hypotrochoid, referred 
to the centre of the fixed circle, is evidently 


2Qut : 
p=a pile a beim a, 


where @ is a unit vector in the plane of the curve and 7 another 
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perpendicular to it. Here » and @, are the angular velocities in 
the two circles, and ¢ is the time elapsed since the tracing point 
and the centres of the two circles were in one straight line, 
Hence, for the length of an are of such a curve, 


s = |Tpdt = fdt / {*a* + 2a, ab cos (w — ,) t+ @,°b"}, 
= fae Vi(oa F ob)’ + 4a ab | sed in?| —? i , 


which is, of course, an elliptic seat 
But when the curve becomes an epicycloid or a hypocycloid, 
oa F wb = 0, and 


$ =2/(+o,ab) | dt tt ag, 


which can be expressed in finite terms, as was first shewn by 
Newton. 
The hodograph is another curve of the same class, whose equa- 
tion is 
p=t(aot” a + bo, 7" a) ; 
and the acceleration is denoted in magnitude and direction by the 
vector 


2Qut 2 
p=—-awi’ a — bo, shea 2 


Of course the equations of the common Cycloid and Trochoid 
may be easily deduced. from these forms by making a indefinitely 
great and w indefinitely small, but the product aw finite; and 
transferring the origin to the point 


p= aa. 


B. Kinematics of a Rigid System. 


367. Let 7 be the normal-vector to any plane. 

Let a and p be the vectors of any two points in a rigid pals 
in contact with the plane. 

After any small displacement of the rigid plate in its plane, let 
da and dp be the increments of @ and p. 

Then Sida = 0, Sidp =0 ; and, since T (# — p) is constant, 

S(a—p) (da —dp) = 0. 
And we may evidently assume, consistently with these equations, 
dp = wt (p—7), 
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where of course 7 is the vector of some point in the plane, to a 
rotation about which the displacement is therefore equivalent. 
Eliminating 7, we have 
ot = UNCES Te, 


a—p 


? 


which gives w, and thence 7 is at once found. 
For any other point o in the plane figure 


Sida = 0, 
S(p—c)(dp—dco)=0. Hence dp —da=a,1 (p —¢). 
S(¢—a)(da—dc)=0. Hence do—da=a,1(¢—®). 
From which, at once, o,=@,=@, and 
do = wi (a —7), 
or this point also is displaced by a rotation » about an axis through 
the extremity of r and parallel to ¢. 


368. In the case of a rigid body moving about a fixed point 
let a, p, o denote the vectors of any three points of the body; the 
fixed point being origin. 

Then @’, p’, o” are constant, and so are Sap, Spo, and Soa. 

After any small displacement we have, for a and p, 


Sada = 0 
Sp0,p 0 } i cecnacen taper sree eee (GE 
Sadp + Spda = 0 
Now these three equations are satisfied by 
da= Van, dp=Vap, 
where a is any vector whatever. Butif dw and dp are given, then 
Vdadp = V. VaaVap = aS. apa. 
Operate by S.Vap, and remember (1), 
*adp = S’pda = 8’. apa. 


Hence a= Son P= “a ee Sta hi Sias teenie (2). 
Now consider co, Sodc=0 

Spdo =—Scdp }, 

Sado =— Scda 


do = Vac satisfies them all, by (2), and we have thus the proposi- 
tion that any small displacement of a rigid body about a fived 
point 1s equivalent to a rotation. 
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369. Lo represent the rotation of a rigid body about a given 
ams, through a given finite angle. [This is a work of supererogation, 
if we consider the results of § 119. But it may be interesting to 
obtain these results in another manner. ] 

Let a be a unit-vector in the direction of the axis, p the vector 
of any point in the body with reference to a fixed point in the axis, 
and @ the angle of rotation. 

Then p=a'Sap +a Vap, 

=—aSap —aVap. 

The rotation leaves, of course, the first part unaffected, but the 

second evidently becomes 


— a" aVap, 


or —aVap cos 6+ Vap sin 0. 
Hence p becomes 
Pp, =—aSap —aVap cos 8+ Vap sin 6, 
= (cos 6/2 + asin 0/2) p (cos 0/2 — asin 6/2), 


ee a’!* pa” of 


370. Hence to compound two rotations about axes which meet, 
we may evidently write, as the effect of an additional rotation ¢ 
about the unit vector 8, 

P,= 8 p,B-*™, 

Hence pee a" pa BOF. 
If the B-rotation had been first, and then the a-rotation, we should 
have had 

', = a’ B | eRe" nce 
and the non-commutative property of quaternion multiplication 
shews that we have not, in general, 

Ps= Pr: 

If a, 8, y be radii of the unit sphere to the corners of a spherical 

triangle whose angles are 6/2, $/2, ¥/2, we know that 
oy!" Be of!" =—1. (Hamilton, Lectures, p. 267.) 


r;) _ 
Hence Bolm ol = — yl, 


and we may write | p=y py”, 


or, successive rotations about radii to two corners of a spherical 
triangle, and through angles double of those of the triangle, are 
TAQ ca: 19 
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equivalent to a single rotation about the radius to the third corner, 
and through an angle double of the exterior angle of the triangle. 

Thus any number of successive finite rotations of a system, of 
which one point is fixed, may be compounded into a single rotation 
about a definite axis, 


371. When the rotations are indefinitely small, the effect of 

one is, by § 369, 
pi =p +aVap, 
and for the two, neglecting products of small quantities, 
p,=p+aVap+bV Bp, 

a and 6 representing the angles of rotation about the unit-vectors 
a and 8 respectively. 

But this is equivalent to 

p,=p+T(aa+b6B) VU (aa + b8) p, 

representing a rotation through an angle 7’ (aa +6), about the 
unit-vector U(aa+ 68). Now the latter is the direction, and the 
former the length, of the diagonal of the parallelogram whose sides 
are aa and 68. 

We may write these results more simply, by putting a for aa, 
8 for 68, where a and B are now no longer unit-vectors, but repre- 
sent by their versors the awes, and by their tensors the angles 
(small), of rotation. 


Thus Pp, =p + Vap, 
p= p+ Vap + VBp, 
=p! (ap yp. 


372. Gwven the instantaneous axis in terms of the time, tt rs 
required to find the single rotation which will bring the body from 
any intial position to its position at a given time. 


If a be the initial vector of any point of the body, @ the value 
of the same at time ¢, and g the required quaternion, we have 
by § 119 


Differentiating with respect to ¢, this gives 
aw = gaq* —gaq ‘qq, 
= 47". gaq*—qaq*. dq", 
=2V (Voq4..9ag *). 
But w= Vea =V.eqaq”. 
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Hence, as gag’ may be any vector whatever in the displaced 
body, we must have 


This result may be stated in even a simpler form than (2), for 
we have always, whatever quaternion g may be, 


and, therefore, if we suppose the tensor of g, which, as it is not 
involved in g( )q’*, may have any value whatever, to be a 
constant (unity, for instance), we may write (2) in the form . 


Corre Ba ARE Anse RS eA (3). 
An immediate consequence, which will be of use to us later, is 
ee hs pat oS CELROEL eEaE eeeere (4). 


373. To express q in terms of the usual angles , 0, ¢. 


Here the vectors 7, 7, & in the original position of the body 
correspond to OA, OB, OC, re- 
spectively, at time t. The trans- 
position is defined to be effected 
by—yirst, a rotation y about k; 
second, a rotation @ about the new 
position of the line originally 
coinciding with 7; third, a rotation 
¢ about the final position of the 
line at first coinciding with k. 

This selection of angles, in 
terms of which the quaternion is 
to be expressed, is essentially 
unsymmetrical, and therefore the results cannot be expected to be 


simple. 
The rotation ~ about & has the operator 
el (oer 
This converts j into 7, where 
n =k" jk" = cos w—i sin w. 
The body next rotates about 7 through an angle @. This has 


the operator 
TO ae 
193 
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It converts k into 
OC = £=7°"kn-*" = (cos 6/2 +7 sin 0/2) k (cos 6/2 — 7 sin 0/2) 
=k cos 0+sin @ (i cos W+ 7 sin W). 
The body now turns through the angle ¢ about ¢ the operator 
being 
aR eae 


Hence, omitting a few reductions, which we leave as excellent 
practice for the reader, we find 


Pe ad a 
= (cos $/2+ sin ¢/2) (cos 0/2 +7 sin @/2) (cos Y/2+k sin y/2) 
= cos (6 + W)/2.cos 0/2 +7 sin (b — y)/2.sin 0/2 + 
7 cos (6 —)/2. sin 0/2 +k sin (6 + W)/2. cos 6/2, 
which is, of course, essentially unsymmetrical. 
374, To find the usual equations connecting , 0, 6 with the 
angular velocities about three rectangular axes fixed in the body. 


Having the value of q in last section in terms of the three 
angles, it may be useful to employ it, in conjunction with equation 
(3) of § 372, partly as a verification of that equation. Of course, 
this is an exceedingly roundabout process, and does not in the 
least resemble the simple one which is immediately suggested by 
quaternions. 


We have 24 = eq = {o, OA +o, OB + w, OC}4, 
whence 2q'G=_" {o, OA +, OB +0, OC} 4q, 
or 2g= 4 (tw, + jo, + ko,). 
This breaks up into the four (equivalent to three independent) 
equations 
2 e [cos (¢ + )/2. cos 6/2] 
=—o, sin (6 — )/2. sin 4/2 — @, cos (b — W)/2. sin 6/2 
: — w, sin (p+ w)/2 . cos 8/2, 
2 a [sin (pb — p)/2. sin 0/2] 
= o, cos (p + W)/2. cos 4/2 — w, sin (b + )/2. cos 6/2 
+, cos (b — Y)/2. sin 0/2, 
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2 [cos (—*p)/2. sin 6/2] 


= @,sin ($+ p)/2. cos 8/2 + @, cos ( + W)/2. cos 0/2 
: — @, Sin (P —w)/2. sin 6/2, 
2 di [sin (6 + )/2.cos 6/2] 
=—, cos (d —y)/2.sin 6/2 + @, sin (d — W)/2. sin 6/2 
+ @, cos (6 + )/2. cos 0/2. 
From the second and third, eliminate ¢—y, and we get by 
inspection ; 
cos 6/2.8=(@, sin ¢ + @, cos d) cos 6/2, 
or 6 =a, SiN h +0, COS p.seceecsecesceeseenes (1). 
Similarly, by eliminating 6 between the same two equations, 
sin 6/2.(¢—r) =a, sin 6/2 +, cos ¢ cos 6/2—«, sin d cos 6/2. 
And from the first and last of the group of four 
cos 6/2.(¢6+) =o, cos 6/2 —«, cos ¢ sin 6/2 +@, sin ¢$ sin 6/2. 
These last two equations give 
PEN COS OS WO. oo eaxtsts veceasenees (2). 
cos 0+ =(—, cos $+ @, sin g) sin 6+ @, cos 0. 
From the last two we have 
wv sin 0=— a, CoS P+, SIN P.eeeerreeeee (3). 


(1), (2), (3) are the forms in which the equations are usually given. 


375. To deduce expressions for the direction-cosines of a set of 
rectangular axes, in any position, in terms of rational functions of 
three quantities only. . 


Let a, 8, y be unit-vectors in the directions of these axes. Let ¢ 
be, as in § 372, the requisite quaternion operator for turning the 
céordinate axes into the position of this rectangular system. Then 


q=wt+ai+y +t zk, 
where, as in § 372, we may write 
l=wt+etyt2. 
Then we have gq’ =w—x—y —Zk, 
and therefore 
a= gig? =(wi—x— yk + 2) (w—ai — yj — 2k) 
= (w+ av —y?— 2) 14+ 2 (we +ay)j + 2 (az — wy) k, 
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where the coefficients of ¢, j, & are the direction-cosines of a as 
required. A similar process gives by inspection those of 8 and ¥. 

As given by Cayley*, after Rodrigues, they have a slightly 
different and somewhat less simple form—to which, however, they 
are easily reduced by putting 

w= ar= y= 2fy =1)K3. 

The geometrical interpretation of either set is obvious from the 
nature of quaternions. For (taking Cayley’s notation) if @ be the 
angle of rotation: cosf, cos g, cosh, the direction-cosines of the 
axis, we have 


g=wt+aityj+zk=cos 6/2 + sin 0/2.(¢ cos f+) cos g + k cos h), 
so that w= cos 0/2, 
« =sin 0/2.cos f, 
y =sin 0/2. cos g, 
z=sin 0/2. cosh. 
From these we pass at once to Rodrigues’ subsidiary formulae, 
«k= 1/w’ =sec’ 0/2, 
N= a/w = tan O/2.cos fF, 
&e. = &e. 


C. Kinematics of a Deformable System. 


376. By the definition of Homogeneous Strain, it is evident 
that if we take any three (non-coplanar) unit-vectors a, 8B, y in 
an unstrained mass, they become after the strain other vectors, 
not necessarily unit-vectors, a,, 8, %;: 

Hence any other gwen vector, which of course may be thus 
expressed, p=a2at+ yB + 2y, 
becomes p, = xa, + ¥B, + 2y,, 
and is therefore known if a,, 8,, y, be given. 


More precisely 


pS.aBy =aS.Byp + BS.yap + yS.a8p 
becomes 


pS. aby = ppS aby =a,S.Byp + BS. yap + y,8.a8p. 
Thus the properties of ¢, as in Chapter V., enable us to study 
with great simplicity homogeneous strains in a solid or liquid. 


* Camb. and Dub. Math. Journal. Vol. i, (1846). 
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For Anstance, to find a vector whose direction is unchanged by 
the strain, is to solve the equation 


VOOp =O; ORS = Op vc cassumessastsds (1), 


where g is a scalar unknown. 

[This vector equation is equivalent to three scalar equations, and 
contains only three unknown quantities; viz. two for the direction 
of p (the tensor does not enter, or, rather, is a factor of each side), 
and the scalar g.] 

We have seen that every such equation leads to a cubic in g 
which may be written 


3 
g —mg + mg —m=0, 
where M,, ™,, m are scalars depending in a known manner on the 


constant vectors involved in ¢. This must have one real root, and 
may have three. 


377. For simplicity let us assume that a, 8, y form a rectangular 
system, then we may operate on (1) by S.a, S.8, and S.y; and 
thus at once obtain the equation for g, in the form 


Saa, +9, SaB,, Say, =-(), 
SBa,, S8B,+9, SBy, 
Sya,, SyP,, Syy+9 


To reduce this we have, for the term independent of g, 
Saa, Saf, Say, |\=—S.aByS.a,8,y, (Ex. 9, Chap. IL), 
SBa, SB, Sy, 
Sya, SyB, Syn, 
which, if the mass be rigid, becomes — 1. 

The coefficient of the first power of g is, 

> (SBBSyY, a SBy,SyB,) aa =A. VByVB.Y, => 2S. ay, 

Thus we can at once form the equation; which becomes, 
for the special case of a rigid system, 

—1—g (Saa, + SB, + Syy,) +9° (Saa, + SEB, + Syy,)+ 9° = 9, 

or (9-1) {9° +9 (1 + Saa, + SBB, + Sy7,) + 1} = 0. 


378. If we take 7Zp=C we consider a portion of the mass 
initially spherical. This becomes of course 


T' - Py =C, 
an ellipsoid, in the strained state of the body. 
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Or if we consider a portion which is spherical after the strain, Le. 
=U, 
its initial form was Top =C, 


another ellipsoid. The relation between these ellipsoids is obvious 
from their equations. (See § 327.) 

In either case the axes of the ellipsoid correspond to a rect- 
angular set of three diameters of the sphere (§ 271). But we must 
carefully separate the cases in which these corresponding lines in 
the two surfaces are, and are not, coincident. For, in the former 
case there is pure strain, in the latter the strain is accompanied 
by rotation. Here we have at once the distinction pointed out by 
Stokes* and Helmholtz+ between the cases of fluid motion in 
which there is, or is not, a velocity-potential. In ordinary fluid 
motion the distortion is of the nature of a pure strain, Le. is differ- 
entially non-rotational; while in vortex motion it is essentially 
accompanied by rotation. But the resultant of two pure strains is 
generally a strain accompanied by rotation. The question before 
us beautifully illustrates the properties of the linear and vector 
function. 


379. To find the criterion of a pure strain. Take a, B, y now 
as unit-vectors parallel to the axes of the strain-ellipsoid, they 
become after the strain, aa, b8, cy, provided the strain be pure. 

Hence P, = $p = — aaSap — bBSBp — cySyp. 

And we have, for the criterion of a pure strain, the property of 
the function @, that it is sel/-conjugate, i.e. 


Spo = Sogp. 


380. Two pure strains, in succession, generally give a strain 
accompanied by rotation. For if ¢, y represent the strains, since 
they are pure we have 


Sppo = Sodp 
Spo = Sop 
But for the compound strain we have 
Pi=xXP= VP, 
and we have not generally 
Spxo =Soxp. 


* Cambridge Phil. Trans. 1845, 
t Crelle, vol. lv. 1857, See also Phil. Mag. (Supplement) June 1867, 
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For Spvrdo = Sodwp, 


by (1), and y¢ is not generally the same as fy. (See Ex. 7 to 
Chapter V.) 


To find the lines which are most altered in length by the strain. 


Here 7'$p is a maximum or minimum, while 7p is constant ; 
so that 
Sdpd’dp=0, Spdp=0. 
Hence dp = xp, 


and the required lines are the principal vectors of $’¢, which 
(§ 381) is obviously self-conjugate ; ic. denotes a pure strain. 


381. The simplicity of this view of the question leads us to 
suppose that we may easily separate the pure strain from the 
rotation in any case, and exhibit the corresponding functions. 

When the linear and vector function expressing a strain is 
self-conjugate the strain is pure. When not self-conjugate, it may 
be broken up into pure and rotational parts in various ways (ana- 
logous to the separation of a quaternion into the swm of a scalar 
and a vector part, or into the product of a tensor and a versor 
part), of which two are particularly noticeable. Denoting by a 
bar a self-conjugate function, we have thus either 

p=v+V.e( ), 

p=ge( )g’, or P=a.g( gq, 
where ¢ is a vector, and g a quaternion (which may obviously be 
regarded as a mere versor). [The student must remark that, 
although the same letters have been employed (from habit) in 
writing the two last formulae, one is not a transformation of the 
other. In the first a pure strain is succeeded by a rotation, in the 
second the rotation is followed by the pure strain.] 

That this is possible is seen from the fact that ¢ involves nine 
independent constants, while y and @ each involve six, and e and ¢ 
each three. If ¢’ be the function conjugate to ¢, we have 


ied aad AA all 
so that 2W=h+ 4, 
and 2V.e( )=o-¢, 
which completely determine the first decomposition. This is, of 


course, perfectly well known in quaternions, but it does not seem 
to have been noticed as a theorem in the kinematics of strains that 
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there is always one, and but one, mode of resolving a strain into 
the geometrical composition of the separate effects of (1) a pure 
strain, and (2) a rotation accompanied by uniform dilatation 
perpendicular to its axis, the dilatation being measured by 
(sec. 9 — 1) where @ is the angle of rotation. 
In the second form (whose solution does not appear to have 
been attempted), we have , 
g=qa( )e, 
where the pure strain precedes the rotation, and from this 
p=a.q’( )% 
or in the conjugate strain the rotation (reversed) is followed by the 
pure strain. From these 
Po=a.g' iga( )e ha 
= 3", 
and @ is to be found by the solution of a biquadratic equation*. 
It is evident, indeed, from the identical equation 
S. o¢'$p =S. pt’$o 
that the operator ¢’¢ is self-conjugate. 
In the same way 


, _ po? (-1 as 
o¢'( )=ae'ty’( Jat’, 
-1 i _ =? /,-1 5 0 - 
or q (Php) 9== (Fe) = $b (7g) 
* Suppose the cubic in @ to be 
— 9,0" + 9,0 -g=0. 
Now @” is equal to ¢’¢, a known function, which we may call w. Thus 
B=, 
and therefore @ and w are commutative in multiplication. 
Eliminating @ between these equations we have, first, 
(@ — 9g.) 0+ 9{@ -g=0=B(w+g,) -gw-g, 
and finally w? + (2.94 — Jo”) w? + (92 — 299) w-—g2=0. 
This must agree with the (known) cubic in w, 
wo — mw? +m,w —m=0, suppose ; 
so that, by comparison of coefficients we have 


29,-J2=—-M, gi2-2gg,=m, g?=m; 


2 

and thus g is known, and pteeale eh 

g ’ Ig 2m % 

2 2 
where Die (gr? = my) se 
a 4m wie 
The values of the quantities g being found, @ is given in terms of w by the equation 
Pie J29 +9 
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which shew the relations between $¢’ , $’¢, ard gq. 
To determine g we have 


bp. 9= ep 
whatever be p, so that 


S.Vq(¢—=)p =0, 
or S.p(¢’—a) V¢=0, 
which gives (¢’ —@) Vq=0. 
The former equation gives evidently 
Vq\| V.(6-)a(o-=) B 
whatever be a and 8; and the rest of the solution follows at once. 


A similar process gives us the solution when the rotation precedes 
the pure strain. [Proc. R. S. H. 1870—1.] 


382. In general, if 


Pr = $p = — 4, Sap — 8,SB8p — 9,Syp, 
the angle between any two lines, say p and oc, becomes in the 
altered state of the body 


cos '(—S. Ud¢pU¢dc). 
The plane Sp = 0 becomes (with the notation of § 157) 
Sp Sp = S&p"p = 0. 
[For if X, ~ be any two vectors in it, 
E || Va. 
But they become $A, gy, and the line perpendicular to both is 
VbrAdue = mg" Vu] 
Hence the angle between the planes Sgo = 0, and Snp =0, which 
is cos*(—S. UGUn), becomes 
cos '*(—S.Ud'*EU¢g""n). 
The locus of lines equally elongated is, of course, 
ToUp =e, 
or Tdp =eTp, 
a cone of the second degree. 
383. In the case of a Simple Shear, we have, obviously, 
Pp, = bp =p + BSap, 


where a is a unit vector, and 


SaB8 =0. 
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The vectors which are unaltered in length are given by 


Tp, =Tp, 
or 2S8pSap + BS’ap = 0, 
which breaks up into S.ap=0, 
and Sp (28 + B’a) = 0. 


The intersection of this plane with the plane of ‘a, B is perpen- 
dicular to 28+ 6’a. Let it be a+, then 


S.(28 + 6’a) (a+ xB) =0, 


Le. 2c0—1=0. 
Hence the intersection required is 
8 
Chae 9 A 


For the axes of the strain, one is of course ¢8, and the others 
are found by making 7’¢Up a maximum and minimum. 


Let p=a+28, 
then Pi:= pp =4+ a8 — B, 
and 1 = Maxior Mins 
2 1 
gives NEY 


from which the values of w# (say 2, and #,) are found. 

Also, as a verification, we must show that the lines of the 
body which become most altered in length are perpendicular to 
one another both before and after the shear. 


Thus S.(a+ 4,8) (2+ ,8)=—1+6'x,2,, 
should be =0. It is so, since, by the equation in a, 
Ci : 
12 hm B? : 
Again 


S {a+ (#,—1) 8} {a+ (@@,-1) R} =—-1+ ® {x,x, — (@, +2) + Ij, 
ought also to be zero. And, in fact, 
“+ 4#,=1 
by the equation for w; so that this also is verified. 


384. We regret that our limits do not allow us to enter farther 
upon this very beautiful application. [The reader is referred to 
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Chapter X. of Kelland and Tait’s Introduction to Quaternions; in 
which the treatment of linear and vector equations is based upon 
the theory of homogeneous strain ; which, in its turn, is much more 
fully developed than in the present work.] 

But it may be interesting to consider briefly the effects of any 
continuous displacements (of the particles of a body) by the help of 
the operator V. 

We have seen (§ 148) that the effect of the operator — SdpV, 
upon any scalar function of the vector of a point, is to produce 
total differentiation due to the passage from p to p + dp. 

Hence if o be the displacement of p, that of p + 8p is 


a —S (pV) c. 
Thus the strain of the group of particles near p is such that 
or =7T—NS (TV) c. 


[Here we virtually assume that o is a continuous function of p.] 
But if this correspond to a linear dilatation e, combined with 
a rotation whose vector-axis is e, both being infinitesimal, 


or =7(1+e)+ Ver. 
Thus, for all values of r, each with its proper e, 
V (e+e) T=—S(tV) co. 

This gives at once (for instance by putting in succession for + 

any three rectangular unit vectors) 
Qe—Le=Va, 
from which we conclude as follows :— 

If o (a continuous function of p) represent the vector displace- 
ment of a point situated at the extremity of the vector p (drawn 
from the origin) 

SVo represents the consequent cubical compression of the 
group of points in the vicinity of that considered, and 

V Vc represents twice the vector axis of rotation of the same 


group of points, 
385. As an illustration, suppose we fix our attention upon a 


group of points which originally filled a small sphere about the 
extremity of p as centre, whose equation referred to that point is 


After displacement p becomes p+, and, by last section, p + @ 
becomes p+@+a-—(SwV)o, Hence the vector of the new surface 
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which encloses the group of points (drawn from the extremity of 
p+o) is 


0, = @ — (SAV) Oo .ccserereeererseeersenes (2). 
Hence @ is a homogeneous linear and vector function of @,; or 
w= do,, 
and therefore, by (1), Tho, =, 


the equation of the new surface, which is evidently a preci surface 
of the second degree, and therefore, of course, an ellipsoid. 

We may solve (2) with great ease by approximation, if we as- 
sume that 7'Vo is very small, and therefore that in the small term 
we may put o, forw; ie. omit squares of small quantities; thus 


o=o,+(So,V) o. 


386. If the vector displacement of each point of a medium is in 
the direction of, and proportional to, the attraction exerted at that 
point by any system of material masses, the displacement ts effected 
without rotation. 


For if Fp =C be the potential surface, we have Sodp a complete 
differential ; and, by § 334, ' 
: VVc=0. 

Conversely, if there be no rotation, the displacements are in the 
direction of, and proportional to, the normal vectors to a series of 
surfaces. 

For 0=—V.dpVVa=—(SdpV) o + VSadp, 
where, in the last term, V acts on o alone. 

Now, of the two terms on the right, the first is (§ 149, (4)) 
the complete differential do, and therefore the remaining term 
must be a complete differential. This, of course, means that 

Sodp 


is a complete differential. 
Thus, in a distorted system, there is no compression if 
SVo=0 
and no rotation if VVc=0 


and evidently merely transference if ¢=a= a constant vector, 
which is one case of 
Vo=0: 
In the important case of  o=VFp 
there is (as proved already) no rotation, since 


Vo= V’F’p 


387. | KINEMATICS, 303 


is evidently a scalar. In this case, then, there are only translation 
and compression, and the latter is at each point proportional to the 
density of a distribution of matter, which would give the potential 
Fp. For if r be such density, we have at once 


V’Fp = 4rr*. 


D. Axes of Inertia. 


387. The Moment of Inertia of a body about a unit vector a 

as axis is evidently 

Mh? =— Xm (Vap)’, 
where p is the vector of the element m of the mass, and the origin 
of p isin the axis. [The letter h has, for an obvious reason, been 
put here in place of the & which is usually employed for the radius 
of gyration. ] 

Hence if we put 8=e’a/h, where e is constant, we have, as 
locus of the extremity of £, 

Meé =— Xm (Vp) =— MSB¢~ (suppose), 
. the well-known ellipsoid. The linear and vector function, ¢, 
depends only upon the distribution of matter about the (temporary) 
origin. 

If @ be the vector of the centre of inertia, o the vector of m 
with respect to it, we have 

RRO ao, 
where (§ 31 (e)) Smo =0; 
and therefore Mi? = — Xm {(Vaa)’ + (Vac)} 
= — M (Vaa)’ — MSad¢,a. 

Here ¢, is the unique value of ¢ which corresponds to the 
distribution of matter relative to the centre of inertia. The 
equation last written gives the well-known relation between the 
moment. of inertia about any line, and that about a parallel line 
through the centre of inertia. 

Hence, to find the principal axes of inertia at any point (the 
origin, whose vector from the centre of inertia is — a), note that h 
is to be made max., min., or max.-min., with the condition 


v=]. 
Thus we have — Sa’ (aVaa + $,a) = 90, 
Saa=0; 


* Proc, R, S, E,, 1862—3. 
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therefore $+ aVam = pa = h’a (by operating by S.a). 


Hence (b, —h? — w*) a= — DSam.... ee eeee eee ees es 
determines the values of a, h® being found from the cubic 
Sa (6, — BP — WY wH— Lense eeseeeeseeees (2). 


Now the normal to 


So ($,-V?—a")* o=—1...... PE ORO (8), 
at the point o is parallel to 
(¢, -W® — a’) "a. 
But (3) passes through — a, by (2), and there the normal is 
(¢,-h?—2’)"a, 
which, by (1), is parallel to one of the required values of a. (8) 1s, 
of course (§ 288), one of the surfaces confocal with the ellipsoid 
S.o¢,'o=—1. 
Thus we prove Binet’s theorem that the principal axes at any 


point are normals to the three surfaces of the second degree, confocal 
with the central ellipsoid, which pass through that point. 


EXAMPLES TO CHAPTER XI. 


1. Form, from kinematical principles, the equation of the 
cycloid; and employ it to prove the well-known elementary 


properties of the arc, tangent, radius of curvature, and evolute, 
of the curve. 


2. Interpret, kinematically, the equation 
p=aU (Bt—p), 
where 8 is a given vector, and a@ a given scalar. 
Shew that it represents a plane curve; and give it in an 
integrated form independent of t. 
3. If we write a = Bt—p, 
the equation in (2) becomes 
B-—a=aUa. 
Interpret this kinematically ; and find an integral. 


What is the nature of the step we have taken in transforming 
from the equation of (2) to that of the present question ? 
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4. The motion of a point in a plane being given, refer it to 

(a) Fixed rectangular vectors in the plane. 

(b) Rectangular vectors in the plane, revolving uniformly 
about a fixed point. 

(c) Vectors, in the plane, revolving with different, but uni- 
form, angular velocities. 


(d) The vector radius of a fixed circle, drawn to the point of 
contact of a tangent from the moving point. 


In each case translate the result into Cartesian cdordinates. 


5. Any point of a line of given length, whose extremities move 
in fixed lines in a given plane, describes an ellipse. 


Shew how to find the centre, and axes, of this ellipse; and 
the angular velocity, about the centre of the ellipse, of the tracing 
point when the describing line rotates uniformly. 


Transform this construction so as to shew that the ellipse is a 
hypotrochoid. 


When the fixed lines are not in one plane, what is the locus ? 


6. A point, A, moves uniformly round one circular section of 
a cone; find the angular velocity of the point, a, in which the 
generating line passing through A meets a subcontrary section, 
about the centre of that section. 


7. Solve, generally, the problem of finding the path by which 
a point will pass in the least time from one given point to another, 
the speed at the point of space whose vector is p being expressed 
by the given scalar function 
Sp. 
Take also the following particular cases :— 
(a) fp=a while Sap >1, 
tp = while Sap <1. 
(6) fp = TSap. 
(c) fp=—-p- (Tait, Trans. R. 8. #., 1865.) 
8. If, in the preceding question, fp be such a function of Tp 
that any one swiftest path is a circle, every other such path is a 


circle, and all paths diverging from one point converge accurately 


in another. (Maxwell, Camb. and Dub. Math. Journal, 1X. p. 9.) 
Toi. 20 
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9. Interpret, as results of the composition of successive conical 
rotations, the apparent truisms 


ayB_y 
ahiereh 
Bos une 
and ae aislelerels orm 


ry 


(Hamilton, Lectures, p. 334.) 


10. Interpret, in the same way, the quaternion operators 


g= (Be) (E(B, 


2 2 2 bi 
_ fay fe\ (8¥ fyV (B : 
an a= (2) (5) G) tal (a) 
11. Find the axis and angle of rotation by which one given 


rectangular set of unit-vectors a, 8, y is changed into another 
given set a,, B,, %;- 


12. Shew that, if bp=p+ Vep, 


the linear and vector operator ¢ denotes rotation about the vector 
e, together with uniform expansion in all directions perpendicular 
to it. , 

Prove this also by forming the operator which produces the 
expansion without the rotation, and that producing the rotation 
without the expansion; and finding their joint effect. 


13. Express by quaternions the motion of a side of one right 
cone rolling uniformly upon another which is fixed, the vertices of 
the two being coincident. 


14. Given the simultaneous angular velocities of a body about 
the principal axes through its centre of inertia, find the position 
of these axes in space at any assigned instant. 


15. Find the linear and vector function, and also the quater- 
nion operator, by which we may pass, in any simple crystal of the 
cubical system, from the normal to one given face to that to 
another. How can we use them to distinguish a series of faces 
belonging to the same zone ? 


16. Classify the simple forms of the cubical system by the 
properties of the linear and vector function, or of the quaternion 
operator, mentioned in (15) above. 
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17. Find the vector normal of a face which truncates symme- 
trically the edge formed by the intersection of two given faces. 


18. Find the normals of a pair of faces symmetrically truncat- 
ing the given edge. 


19. Find the normal of a face which is equally inclined to 
three given faces. 


20. Shew thatthe rhombic dodecahedron may be derived from 
the cube, or from the octahedron, by truncation of the edges. 


21. Find the form whose faces replace, symmetrically, the 
edges of the rhombic dodecahedron. 


22. Shew how the two kinds of hemihedral forms are indi- 
cated by the quaternion expressions. 


23. Shew that the cube may be produced by truncating the 
edges of the regular tetrahedron. If an octahedron be cut from a 
cube, and cubes from its tetrahedra, all by truncation of edges, the 
two latter cubes coincide. 


’ 


24, Point out the modifications in the auxiliary vector func- 
tion required in passing to the pyramidal and prismatic systems 
respectively. 


25. In the rhombohedral system the auxiliary quaternion 
operator assumes a singularly simple form. Give this form, and 
point out the results indicated by it. 


26. Shew that if the hodograph be a circle, and the accelera- 
tion be directed to a fixed point; the orbit must be a conic section, 
which is limited to being a circle if the acceleration follow any 
other law than that of gravity. 


27. In the hodograph corresponding to acceleration f(D) 
directed towards a fixed centre, the curvature is inversely as 
D*f (D). 

28. If two circular hodographs, having a common chord, which 
passes through, or tends towards, a common centre of force, be cut 
by any two common orthogonals, the sum of the two times of 
hodographically describing the two intercepted arcs (small or large) 
will be the same for the two hodographs. (Hamilton, Llements, 


725.) 
s 20-2 
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29. Employ the last theorem to prove, after Lambert, that the 
time of describing any arc of an elliptic orbit may be expressed in 
terms of the chord of the arc and the extreme radii vectores. 


30. If q( ) qq’ be the operator which turns one set of rect- 
angular unit-vectors a, 8, y into another set a,, By y,, shew that 
there are three equations of the form 
Sees Salt, 

Tq 


31. If a ray, a, fall on a fine, polished, wire y, shew that on 
reflection it forms the surface 


p’ (Sary)’ = a” (Syp)’, 


SaB, —SBa, = 


a right cone. 


32. Find the path of a point, and the manner of its descrip- 
tion, when 
p=(p—ay*—(p tay". 
33. In the first problem of § 336 shew that 
Vq'¢=-— Vv, or V.ug? =0. 
Also that = (Vv)? =— 2V’v, or 4a ?V7u? = 0. 
Again, shew that there are three equations of the form 


ee ee du 
spe IN pe 


From these last deduce, by a semi-Cartesian process, the result 
ee ea 
as in the text. 
34. Give the exact solution of 
@,=o—SoV.c. (§ 385.) 
[Note that we may assume, o being given, 
do = dp, 


where the constituents of ¢ are known functions of p. Thus we 
have what is wanted for the problem above :—viz. 


—SoV.c = da; 
with various other important results, such as 


f'o=—VS8ac, Vo = Xidi, &e.] 


CHAPTER XII. 
PHYSICAL APPLICATIONS. 


388. WE propose to conclude the work by giving a few in- 
stances of the ready applicability of quaternions to questions of 
mathematical physics, upon which, even more than on the Geo- 
metrical or Kinematical applications, the real usefulness of the 
Calculus must mainly depend—except, of course, in the eyes of 
that section of mathematicians for whom Transversals and Anhar- 
monic Pencils, &c. have a to us incomprehensible charm, Of course 
we cannot attempt to give examples in all branches of physics, nor 
even to carry very far our investigations in any one branch: this 
Chapter is not intended to teach Physics, but merely to shew by 
a few examples how expressly and naturally quaternions seem to 
be fitted for attacking the problems it presents. 

We commence with a few general theorems in Dynamics—the 
formation of the equations of equilibrium and motion of a rigid 
system, some properties of the central axis, and the motion of a 
solid about its centre of inertia. The student may profitably 
compare, with the processes in the text, those adopted by Hamilton 
in his Hlements (Book III., Chap, III., Section 8), 


A, Statics of a Rigid System. 


389. When any forces act on a rigid body, the force B at the 
point whose vector is a, &c., then, if the body be slightly displaced, 
so that a becomes a+ da, the whole work done against the forces is 


YSPSa. 
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This must vanish if the forces are such as to maintain equilibrium. 
Hence the condition of equilibrium of a rigid body is 


> SRsa = 0. 
For a displacement of translation da is any constant vector, hence 
) Sp 20a eee ee (1). 


For a rotation-displacement, we have by § 3871, e being the axis, 
and Te being indefinitely small, 


6a= Vea, 
and =S. BVeaH= ZS. eVaB=S8.e> (Vas) =0, 
whatever be e, hence 3 VaR 0 Meo. caer eee eee (2). 


These equations, (1) and (2), are equivalent to the ordinary six 
equations of equilibrium. 


390. In general, for any set of forces, let 
2B = B,, 
>.Vap=a.,, 
it is required to find the points for which the couple a, has its axrs 
coincident with the resultant force B,. Let y be the vector of such 
a point. 
Then for it the axis of the couple is 
>.V(a—y) B=a, —Vy8,, 


and by condition xB, =a, —Vy8.,. 
Operate by S8,; therefore 
yey Seer 
and VyB8, =a, — 6," Sa,8,=— 8, Va,8,", 
or y—Va8e + yb 


a straight line (the Central Avis) parallel to the resultant force. 


[If the resultant force and couple be replaced by an equivalent 
in the form of two forces, 8 at a, and £’ at a’, we have 


B+B=8,, VaB+Va'p’ = d,. 


The volume of the tetrahedron whose opposite edges are 8, 8’ 
(acting as above stated) is as S.8’V(a—a’)@. But 


S.fa8=S8B'a, S8.i'aB=— SBa,, 


so that the volume is as Sa, (@ + 6’) = Sa,8,, a constant whatever 
pair of equivalent forces be taken.] 
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391. To find the points about which the couple is least. 
Here T (a, — Vy8,) = minimum. 
Therefore S.(a, —Vy8,) VB,y' =0, 


where y’ is any vector whatever. It is useless to try y/=8,, but 
we may put it in succession equal to a, and to Va,8,. Thus 


S.yV.8,Va,8, =0, 
and (Va,8,)’ — B'S. yVa,B, = 0. 
Hence y=2Va8,+y8, 
and by operating with S.Va,8,, we get 


1 
BR? (Va,8,)° = x (Va,8,)’, 
or y=Va,8."+ yf, 


the same locus as in last section. 


392. The couple vanishes if 
a, —VyB, = 0. 
This necessitates Sa,8,=0, 


or the force must be zn the plane of the couple. If this be the 
case, 
y=4,8,'+ 2B, 
still the central axis. 
To assign the values of forces & &, to act at ¢, ¢,, and be 
equivalent to the given system. 


ftps 
VeE+VeF, = a,. 
Hence Ve& + Ve, (8, — &) =4,, 
and E=(e—¢,) (a, —Ve,8,) +a(e—«,). 


Similarly for £, The indefinite terms may be omitted, as they 
must evidently be equal and opposite. In fact they are any equal 
and opposite forces whatever acting in the line joining the given 
points. 


393. If a system of parallel forces act on a rigid body, say 
xB at a, &e. 


they have the single resultant BS (a), at 4, such that 
= (a) VBa=V. BX (wa). 


312 QUATERNIONS. [308% 


Hence, whatever be the common direction of the forces, the 
resultant passes through 
= +, > (aa) 
— Ba)" 
If = (x) =0, the resultant is simply the couple 
V. B> (aa). 
By the help of these expressions for systems of parallel forces 
we can easily proceed to the case of forces generally. 
Thus if any system of forces, 8, act at points, a, of a rigid body; 
and if 7, 7, k be a system of rectangular unit vectors such that 


bk = & (—kSk@) = 


the resultant force is 
= (aSBk) me pk 
= (SBk)’ ~~ & (SBR) 


as we may write it. Take this as origin, then ¢k=0. 


bk acting at 


The resultant couple, in the same way, is 
1 (aSBr) + V . 97> (aS 8)), 

or V (ui +9 ¢)). 
Now qi, $j, $k are invariants, in the sense that they retain 
the same values however the forces and (with them) the system 
2, j, & be made to rotate: provided they preserve their mutual 
inclinations, and the forces their points of application. For the 
as are constant, and quantities of the form Sz, Sj, or SBk are 
not altered by the rotation. 

We may select the positions of 7 and 7 so that gi and qj 
shall be perpendicular to one another. For this requires only 


S.d¢¢) =0, or S.id'd7 = 0. 
But (§ 381) ¢’¢ is a self-conjugate function; and, by our change of 
origin, & is parallel to one of its chief vectors. The desired result 
is secured if we take 7, 7 as the two others. 
With these preliminaries we may easily prove Minding’s 
Theorem :— 


If a system of forces, applied at given points of a rigid body, 
have their directions changed in any way consistent with the 
preservation of their mutual inclinations, they have in an infinite 
number of positions a single force as resultant. The lines of 
action of all such sti forces intersect each of two curves fixed 
in space. 
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The condition for the resultant’s being a single force in the 
line whose vector is p is 


bVkp =V (igi + joj), 
which may be written as 

bp = ak — joi + id. 
That the two last terms, together, form a vector is seen by 
operating on the former equation by 8./; for we thus have 


Spt — Sigdj = 0. 
We may write these equations for convenience as 
bp = Bie — FO A-B .rcrcecsesnscssssscesees (1), 
Se Aare ead | ie eee Sella Berane om (2). 


[The student must carefully observe that a and 8 are now 
used in a sense totally different from that in which they first 
appeared, but for which they are no longer required. If this 
should puzzle him, he may change « into y, and £ into 64, in the last 
two equations and throughout the remainder of this section.] 

Our object now must be to express 7 and 7 in terms of the single 
variable k, which is afterwards to be eliminated for the final 
result. 


From (2) we find at. once 


yt = Vib +kVka 3) 
yj a—VhatkVigh coe (3), 
whence we easily arrive at either of the following 
y = Sta + SjB, (4) 
or —y =a’ + B’ + (Ska)? + (SkBY+28.kaB) 


Substituting for 7 and 7 in (1) their values (3), we have 
— ybp =— zk — aSak — BSBk —aB 
ere BS Deane svees acct arn tie ness the (5), 
where a, which is now used for a linear and vector function, is 


defined by the equation 
ap =— aSap — BSBp. 


Obviously @ (a8) =0, 
4 1 
so that (a — 2)‘ (a8) =— . a8. 
Thus ~ yb(a—2)'p=k+ ® A ert Eee (6). 
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Multiply together the respective members of (5) and (6), and take 
the scalar, and we have 


a 2 
y°0'Sp (w — 2)" p = 2 — (Sak)’ — SB)’ — 2SkaP + oe 
2 2 a’B” 
or, by (4), Eat fort rl Ee 
arcana) 
which, for z=—a’, or z=— #3’, gives as the required curves the 


focal conics of the system 
Sp (a —2)*p=b”. 


394. The preceding investigation was based on the properties 
of a system of parallel forces; and thus has a somewhat composite, 
semi-Cartesian, character. 


That which follows is much more purely quaternionic. It is 
taken from the Trans. R. S. LE. 1880. 
When any number of forces act on a rigid system; @, at the 
point a,, 8, at a,, &c., their resultant consists of the single force 
B= 2B 


acting at the origin, and the couple 


If these can be reduced to a single force, the equation of the 
line in which that force acts is evidently 


Vep=SVBdne ee eee (2). 

Now suppose the system of forces to turn about, preserving 
their magnitudes, their points of application, and their mutual 
inclinations, and let us find the fixed curves in space, each of 
which is intersected by the line (2) in every one of the infinite 
number of its positions. 

Operating on (2) by V.B, it becomes 

p& — BSBp = & (aSBB — BSaB) = $8 — ¢'B 

with the notation of Chap. V. Now, however the forces may 
turn, $8 = XaSBB 
is an absolute constant ; for each scalar factor as S8,8 is unaltered 
by rotation. Let us therefore change the origin, i.e. the value of 
each a, so as to make 


2ESCh = oe =O, eee ee @) 
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This shews that 8 is one of the three principal vectors of d, and 
we see in consequence that ¢ may be expressed in the form 
YSy( )+5S88( ); 
where y and 6 are unit vectors, forming with 8 a rectangular 
system. They may obviously be so chosen that y’ and & shall be 


at right angles to one another, but these (though constants) are 
not necessarily unit vectors. 


Equation (2) is now 
BV Bp = Vey + VSO v.ccscssrancbecsaves (2’), 
where 0 is the tensor, and £ the versor, of B. 


The condition that the force shall lie in the plane of the couple 
is, of course, included in this, and is found by operating by S.£. 


Thus PCOy rye) EE, Sree er cate ete (4). 
395. We have here all the data of the problem, and solutions 


ean only differ from one another in the mode of attacking (2’) 
and (4). 

Writing (4) in the form 

Sy (8'+ VBy’) = 0, 

we have at once ty = VB8' + BVBy’, donee! tal (4, 
whence t8=— VBy' + BVBS 
where ¢ is an undetermined scalar. 

By means of these we may put (2’) in the form 

bt Vp = — V. B(V9'8' +9/'SyB + SSSR) 
=—V.B(V9/8' —a) 

where aw=—ySy'( )—dSd'( ). 
Let the tensors of y’ and & be e,, e, respectively, and let 6’ be a 
unit vector perpendicular to them, then we may write 


Dip = BB = 6,68 +OB...crcrrarcvessresevonts (5). 
Operating by (a + a)", and noting that 
af’ = 0, 
we have bt (a +2) 'p =B— “as fee rere (5'), 


Taking the scalar of the product of (5) and (5’) we have 
1 - 
DESp (w + a)'p = ~ (#8 —¢¢,8)' + SBax8. 
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But by (4’) we have 


P= SBaB +e? + 6,7 — ee SBR"... see erreeees (6), 
so that, finally, 
ARI y Cota ph a Deg (7). 


Equation (7), in which ¢ is given by (6) in terms of 8, is true 
for every point of every single resultant. But we get an immense 
simplification by assuming for w either of the particular values 
—e, or —e,. For then the right-hand side of (7) is reduced 
to unity, and the equation represents one or other of the focal 
conics of the system of confocal surfaces 


= 1 
Sp (a —h)"p= a5, 
a point of each of which must therefore lie on the line (5). 


396. A singular form, in which Minding’s Theorem can be 
expressed, appears at once from equation (2’). For that equation 
is obviously the condition that the linear and vector function 


—bpSB( )+7Sy( )+ 888) 
shall denote a pure strain. 


Hence the following problem :—Given a set of rectangular wnit 
vectors, which may take any initial position: let two of them, after 
a homogeneous strain, become given vectors at right angles to one 
another, find what the third must become that the strain may be 
pure. The locus of the extremity of the third is, for every initial 
position, one of the single resultants of Minding’s system; and 
therefore passes through each of the fixed conics. 


Thus we see another very remarkable analogy between strains 
and couples, which is in fact suggested at once by the general 
expression for the impure part of a linear and vector function. 


397. The scalar ¢, which was introduced in equations (4), is 
shewn by (6) to be a function of B alone. In this connection it 
is interesting to study the surface of the fourth degree 


Stat —(e,’ + ¢,”) 7 — 2¢,¢,T7S8'r = 1, 
where T= ; jek 


But this may be left as an exercise. 
Another form of t (by 4’) is Syry’ + S88’. 
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Meanwhile (6) shews that for any assumed value of 8 there 
are but two corresponding Minding lines. If, on the other hand, 
p be given there are in general four values of ~. 


398. For variety, and with the view of further exploring this 
very interesting question, we may take a different mode of 
attacking equations (4) and (2’), which contain the whole matter. 
In what follows b will be merged in p, so that the scale of the 
result will be altered. 


Operating by V. 8 we transform (2') into 


p + BSBp = — (ySqy'B + SS80'B)......... cee (2”). 
Squaring both sides we have 
Bak PD OM etant evant esecneat s. (8). 


Since 8 is a unit vector, this may be taken as the equation of a 
cyclic cone; and every central axis through the point p lies upon it. 
For we have not yet taken account of (4), which is the condition 
that there shall be no couple. 
To introduce (4), operate on (2”) by S.y’ and by 8.8. We 
thus have, by a double employment of (4), 
Sy'p + SyBSBp = SyaB 
Sé'p + SS’ BSBp = Sia 
Next, multiplying (8) by S8a8, and adding to it the squares of 
(9), we have 
p’SBaB — 28BpSRap — Spap =—SBa°B......... (10). 
This is a second cyclic cone, intersecting (8) in the four directions 
8. Of course it is obvious that (8) and (10) are unaltered by the 
substitution of p + yf for p. 
If we look on f as given, while p is to be found, (8) is the 
equation of a right cylinder, and (10) that of a central surface of 
the second degree. 


399. A curious transformation of these equations may be made 
by assuming p, to be any other point on one of the Minding lines 
represented by (8) and (10). Introducing the factor —6*(=1) in 
the terms where 8 does not appear, and then putting throughout 

feah sao) Jae Banna ener Serer oe (11) 
(8) becomes —p'p, + S'pp,=S (p,— p) (Py — P)eveevereees (8’), 


As this is symmetrical in p, p, we should obtain only the same 
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result by putting p, for p in (8), and substituting again for f as 
before. 

From (10) we obtain the corresponding symmetrical result 
(p° — Spp,) Spa, + (p,' — Spp,) Spap = — Spp,S (p, — p) = (p, — p) 

—S (p, —p) 2 (py—p)---+- (10°). 

These equations become very much simplified if weassume p and p, 
to lie respectively in any two conjugate planes; specially in the 
planes of the focal conics, so that Sé’p = 0, and Sy’‘p, = 0. 


For if the planes be conjugate we have 
Spap, =0, 
Spa’p, = 90, 
and if, besides, they be those of the focal conics, 
Spp, = — SB’pSK'p,, 
Spa’p =e,"Spap, &c., 
and the equations are 
— pp,” + Sop, =Sp,ap, + Spap,..ccccsceceeveeee (8”), 
and p Sp.zp, + p; Spxp = — Sp,a’p, —Spa’p......... (10”). 
From these we have at once the equations of the two Minding 
curves in a variety of different ways. Thus, for instance, let 
= po 
and eliminate p between the equations. We get the focal conic in 
the plane of 8’, 7’. In this way we see that Minding lines pass 
through each point of each of the two curves; and by a similar 


process that every line joing two points, one on the one curve, 
the other on the other, is a Minding line. 


400. Another process is more instructive. Note that, by the 
equations of condition above, we have 


S*pp, = (Fee = p:) ("ese = °*) ; 


es e, 


Then our equations become 
SpopSp,ap, py +e 

2,, 2 

e, e, 


Sp,>p, = ld 0, 


“2 Spmp — P+ ey. 
e, 


2 
and (p° + €,') Spyap, + (p,’ +e,") Spap = 0. 

If we eliminate p’ or p,’ from these equations, the resultant 
obviously becomes divisible by Spap or Sp,wp,, and we at once 
obtain the equation of one of the focal conics, 
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401. In passing it may be well to notice that equation (10) 
may be written in the simpler form 
S. pBpwB + Spap = S8a'°B8. 
Also it is easy to see that if we put 
8 = pS8p —(a + p’)B 
we have (8) in the form S80 =0, 
and by the help of this (10) becomes 
# = Spap. 


This gives another elegant mode of attacking the problem. 


402. Another valuable transformation of (2”) is obtained by 
considering the linear and vector function, y suppose, by which 8, 
y, 5 are derived from the system §’, Uy’, U&. For then we have 
obviously . 
P= ay’ + yay B ..cccccceceesssseeee, (en 


This represents any central axis,and the corresponding form of the 
Minding condition is 

Sony 48 = SS yar tye ccccccccceseees (4”), 
Most of the preceding formulae may be looked upon as results of 
the elimination of the function y from these equations. This forms 
probably the most important feature of such investigations, so far 
at least as the quaternion calculus is concerned. 


403. It is evident from (2”) that the vector-perpendicular 

from the origin on the central axis parallel to yf’ is expressed by 
ie yo’. 

But there is an infinite number of values of y for which Ur isa 
given versor. Hence the problem ;—to find the maximum and 
minimum values of 77, when Ur is given—ze. to find the surface 
bounding the region which is filled with the feet of perpendiculars on 
central axes. 


We have Tr’? =-S.xB'ayP,, 
0 = TrS..vP Ur. 
Hence 0=S.xP'axh’, 
0=S. yA Ur. 


But as 78’ is constant O=S.x8'x8. 
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These three equations give at sight 
(oa +u) x8’ =u Ur, 
where u, w’ are unknown scalars. Operate by S.yQ’ and we have 
— T’r—u=0, be ney 
so that St (a+7)*7=0. 


This differs from the equation of Fresnel’s wave-surface only in 
having w+ 7° instead of a + 7°, and denotes therefore the reciprocal 
of that surface. In the statical problem, however, we have af’ = 0, 
and thus the corresponding wave-surface has zero for one of its 
parameters. [See § 435.] | 


[If this restriction be not imposed, the locus of the point 
T=XPXB 
where ¢ is now any given linear and vector function whatever, 
will be found, by a process precisely similar to that just given, to be 


S.(r— $B) $'6 + 7°)" (7- GP) =0, 
where ¢’ is the conjugate of ¢.] 


B. Kinetics of a Rigid System. 


404. For the motion of a rigid system, we have of course 
=S (ma — B) da = 0, 
by the general equation of Lagrange. 


Suppose the displacements da to correspond to a mere transla- 
tion, then da is any constant vector, hence 


> (ma — 8) = 0, 
or, if a, be the vector of the centre of inertia, and therefore 
a.m = dma, 

we have at once d,2m — >8 =0, 
and the centre of inertia moves as if the whole mass were 
concentrated in it, and acted upon by all the applied forces. 

405. Again, let the displacements 8a correspond to a rotation 
about an axis e, passing through the origin, then 

da = Vea, 

it being assumed that Te is indefinitely small. 
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Hence =S.eVa(ma — 8) =0, 
for all values of ¢, and therefore 
> .Va(ma — 8) = 0, 
which contains the three remaining ordinary equations of motion. 
Transfer the origin to the centre of inertia, i.e. puta=a,+o, 
then our equation becomes 
=V (a, + a) (ma, + ma — B) =0; 
or, since Xma = 0, 
> Va (me — B) + Va, (é,2m — TP) =0. 
But (§ 404) aim — zB =0, 
hence our equation is simply 
+ Var (ma — B) = 0. 


Now {Va is the couple, about the centre of inertia, produced 
by the applied forces; call it & then 


406. Integrating once, 
SUE ay NCO caigsatoesenn ses sans’ (2). 
Again, as the motion considered is relative to the centre of 
inertia, it must be of the nature of rotation about some axis, in 
general variable. Let ¢ denote at once the direction of, and the 
angular velocity about, this axis. Then, evidently, 
a =Veu,. 
Hence, the last equation may be written 
Ima Veo =y + fEdt. 
Operating by S.«, we get 
dam (Veo)*® = Sey + SefCdé ......csccsseeeees (3). 
But, by operating directly by 2/Sed¢ upon the equation (1), we 
get 
Xm (Veo)? = —h? + BfSeldt  ...csesvvvevves (4). 
Equations (2) and (4) contain the usual four integrals of the first 
order, h being here an arbitrary constant, whose value depends 
upon the initial kinetic energy of the system. By § 387 we see 
how the principal moments of inertia are involved in the left 
member. 


TOs I. 2 
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407, When no forces act on the body, we have €=0, and 
therefore 


Diner V 6Ge = ty) aaa aee saree ee emer (5), 
Sno =n Veo) = he ears (6), 
and, from (5) and (6), Sey = — 1) waves angs.co ees sere Ch): 


One interpretation of (6) is, that the kinetic erlergy of rotation 
remains unchanged: another is, that the vector e terminates in an 
ellipsoid whose centre is the origin, and which therefore assigns 
the angular velocity when the direction of the axis is given; 
(7) shews that the extremity of the instantaneous axis is always 
in a plane fixed in space. 


Also, by (5), (7) is the equation of the tangent plane to (6) at 
the extremity of the vector «. Hence the ellipsoid (6) rolls on the 
plane (7). 

From (5) and (6), we have at once, as an equation which e 
must satisfy, 


y>.m (Veo) =—h? (2. ma Veo)’. 
This belongs to a cone of the second degree fixed in the body. 
Thus all the results of Poinsot regarding the motion of a rigid body 
under the action of no forces, the centre of inertia being fixed, are 
deduced almost intuitively: and the only difficulties to be met 
with in more complex properties of such motion are those of 
integration, which are inherent to the subject, and appear what- 


ever analytical method is employed. (Hamilton, Proc. R. I. A. 
1848.) 


If we write (5) as 
5 ay Behe cers cake te eee (5), 


the special notation $ indicating that this linear and vector 
function is related to the principal axes of the body, and not to 
lines fixed in space, and consider the ellipsoid (of which ¢ is a 
semidiameter) 


Seb! di = hia) eee (6), 


we may write the equation of a confocal ellipsoid (also fixed in the 
body) as 


SP (bcp) pis Nae en oe eee (8). 
Any tangent plane to this is 


Soo (64'p)2 p=— he (9). 


408. | PHYSICAL APPLICATIONS. 323 


If this plane be perpendicular to y, we may write 

(+ p)" p = ay, 
so that, by (5) a 

PMOL MSP YD Saat veins cacPaecewaana (10). 
The plane (9) intercepts on y a quantity h®/w7'y, which is constant 
by (8) and (10). 
The vector velocity of the point p is 
Vep = pxVey = —pVyp 

(by two applications of (10)). Hence the point of contact, p, 
revolves about y with angular velocity —p7'y. That is, if the 
plane (9) be rough, and can turn about y as an axis, the ellipsoid (8) 
instead of sliding upon it, will make it rotate with uniform angular 
velocity, This is a very simple mode of obtaining one of Sylvester's 
remarkable results. (Phil. Trans. 1866.) 


408. For a more formal treatment of the problem of the 
rotation of a rigid body, we may proceed as follows :— 


Let a be the initial position of «, g the quaternion by which 
the body can be at one step transferred from its initial position to 
its position at time t. Then 

w= gag” 
and Hamilton’s equation (5) of last section becomes 
y.mgaq? V. eqaq*=y, 
or X.mq {aS.aq?eq — q* eqa’} q’ =¥- 

The vector y is now written for y + {dt of § 406, as is required 
for a new purpose. Thus y represents the resultant moment of 
momentum, and will be constant only if there is no applied couple. 
Let hp =>. mM (ASap—a'p). anssosesservesrons ‘aby 
where ¢@ (compare § 387) is a self-conjugate linear and vector 
function, whose constituent vectors are fixed in the body in its 
initial position. Then the previous equation may be written 

gb (F* eg) T° =% 
or $(QeN =F" 79: 
For simplicity let us write 


te \ NE eee (2) 
i 
Then Hamilton’s dynamical equation becomes simply 
(oh oi isan 3 are er oe ce (3) 
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409. It is easy to see what the new vectors 7 and ¢ represent. 
For we may write (2) in the form 


from which it is obvious that 7 is that vector in the initial position 
of the body which, at time t¢, becomes the instantaneous axis in the 
moving body. When no forces act, y is constant, and ¢ is the 
initial position of the vector which, at time 4, is perpendicular to 
the invariable plane. 


410. The complete statement of the problem is contained m 
equations (2), (3) above, and (4) of §372*. Writing them again, 
we have 


GY) = 20 ciasmoren teste te ee eee (4), 
(OG Cesc nanaeosmn meth eee een (2), 
DY Csi ores niitong queues (eee (3) 
We have only to eliminate € and », and we get 
Ts Lerlis (OE GY) opanaris aocodieo sd 00 30: (oF 


in which q is now the only unknown; y, if variable, being pad 
given in terms of g and t. 


It is hardly conceivable that any simpler, or more easily 
interpretable, expression for the motion of a rigid body can be 
presented until symbols are devised far more comprehensive in 
their meaning than any we yet have. 


411. Before entering into considerations as to the integration 
of this equation, we may investigate some other consequences of 
the group of equations in § 410. Thus, for instance, differentiating 
(2), we have 

wg t+ 9 = 45+ 96, 
and, eliminating g by means of (4), 
gn + 249 = nt + 296, 


* To these it is unnecessary to add 
Tq = constant, 


as this constancy of T'q is proved by the form of (4). For, had Tq been variable, 
there must have been a quaternion in the place of the vector 7. In fact 


d 
ay (Ea)? = 28 « Gg = (Tq)?Sn=0. 
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whence, eliminating y by the help of (2), 
C= Vén+ "9; 


which gives, in the case when no forces act, the forms 


t= |e I ene Oe ee (6), 
and (as £= gy) 
GG me FA Seniesa eainversaxcl oes (7). 


To each of these the term g*yq must be added on the right, if 
forces act. 


412. It is now desirable to examine the formation of the func- 
tion @. By its definition § 408, (1), we have 


pp ==. m(aSap — a’p), 
=— 2. maVap. 
Hence —Spgp=>.m(TVap), 
so that —Spdp is the moment of inertia of the body about the 
vector p, multiplied by the square of the tensor of p. Compare 
§ 387. Thus the equation 
Sppp =—h’, 
evidently belongs to an ellipsoid, of which the radii-vectores are 
inversely as the square roots of the moments of inertia about them; 
so that, if 7,7, be taken as unit-vectors in the directions of its 
axes respectively, we have 


Sipi=— A 
poy fo aN oS ore ere eR (8), 

Skok =—C 
A, B, OC, being the principal moments of inertia. Consequently 
pp =— {At Sip + BySjp + Ole Aa Commerc neg epee pat (9). 


Thus the equation (7) for 7 breaks up, if we put 
n =10, +jo, + ko,, 
into the tltree following scalar equations 
Ao, +(C—B) o,0,= ‘| 
Bo, + (A-C)o,0,=9>}, 
Oa, +(B—A)o,o, = 0 
which are the same as those of Euler. Only, it is to be understood 


that the equations just written are not primarily to be considered 
as equations of rotation. They rather express, with reference to 
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fixed axes in the initial position of the body, the motion of the 
extremity, @,, @,, @,, of the vector corresponding to the instan- 
taneous axis in the reve body. If, however, we consider @,, @,, 
, as standing for their values in terms of w, #, ¥, 2 (§ 416 below), 
or any other coordinates employed to refer the body to fixed axes, 
they are the equations of motion. 

Similar remarks apply to the equation which ‘Giants f, for 
if we put 

C=io,+j0,+ka,, 


(6) may be reduced to three scalar equations of the form 


wo, (5 — 3) wa, = 0. 


413. Euler’s equations in their usual form are easily deduced 
from what precedes. For, let 


= 9b (F "PDT 
whatever be p; that is, let @ represent with reference to the moving 
principal axes what ¢ represents with reference to the principal 
axes in the initial position of the body, and we have 


= 9b (Fg) T= 9H" 
= gbq" =qVi(ep's) 
=—qV (non) 7" 
=—V.gnonq” 
=—V. ang "ad (eg) 7" 
=—V. ede, 
which is the required expression. 
But perhaps the simplest mode of obtaining this equation is to 
start with Hamilton’s unintegrated equation, which for the case 


of no forces is simply 
>.mVae =0. 


But from a=Veu 

we deduce a=Vea+ Vea . 
=ae —eSea+ Vea, 

so that +.m (Veu Sea — éw® + aSéa) = 0. 


If we look at equation (1), and remember that differs from cH) 


simply in having » substituted for a, we see that this may be 
written 


Vede + bé = 0), 


q 
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the equation before obtained. The first mode of arriving at it has 
been given because it leads to an interesting set of transformations, 
for which reason we append other two. 


By (2) 
= oq", 
therefore 0=4q". tg + gh" -— aod 
or : qeq"* = 2V. yVGq" 
ae 


But, by the beginning of this section, and by (5) of § 407, this 
is again the equation lately proved. 
Perhaps, however, the following is neater. It occurs in Hamil- 
ton’s Hlements. 
By (5) of § 407 ge= 
Hence bé = — es =—>.m(a Vea + aVea) 
=—>.maSea 
=—V.eX.maSea 


= —Vede. 


414. However they are obtained, such equations as those of 
§ 412 were shewn long ago by Euler to be integrable as follows. 


Putting 2fw,o,o,dt = s, 


La 
we have Aw?=A0N?+(B-C)s, 
with other two equations of the same form. Hence 
ds : 
B-C C-—A \} A-—B \?’ 
FN Oe Te) 
(2,'+ oe ‘) ( A a ar ie 
so that ¢ is known in terms of s by an elliptic integral. Thus, 
finally, » or € may be expressed in terms of ¢; and in some of the 
succeeding investigations for g we shall suppose this to have been 
done. It is with this integration, or an equivalent one, that most 
writers on the farther development of the subject have commenced 
their investigations. 


2dt = 


415. By § 406, y is evidently the vector moment of momen- 
tum of the rigid body ; and the kinetic energy is 


—4>. ma’ =— } Sey. 


But Sey=S.q'eq7'yq =Sn6, 
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so that when no forces act 

SEH 7S = Snon = — he’. 
But, by (2), we have also 

TE=Ty, or Ton = Ty, 
so that we have, for the equations of the cones described in the 
initial position of the body by y and 6 that is, for the cones de- 
scribed in the moving body by the instantaneous axis and by the 
perpendicular to the invariable plane, 

RG Bt YY Stp i F= 0, 

h* ($n) + y'Sngn = 0. 
This is on the supposition that y and / are constants. If forces act, 
these quantities are functions of ¢, and the equations of the cones 
then described in the body must be found by eliminating t between 
the respective equations. The final results to which such a process 
will lead must, of course, depend entirely upon the way in which ¢ 
is involved in these equations, and therefore no general statement 
on the subject can be made. 


416. Recurring to our equations for the determination of g, and 
taking first the case of no forces, we see that, if we assume 1 to 
have been found (as in § 414) by means of elliptic integrals, we 
have to solve the equation 

qn = 29", 
* To get an idea of the nature of this equation, let us integrate it on the suppo- 
sition that 7 is a constant vector. By differentiation and substitution, we get 
2G =4n=41q. 


Tn els) 
7) t+ Q: sin t. 


Substituting in the given equation we have 
Jy T ft eT’ 
Tn (-@ sin t+ Qs cos 3) = ( 0, 00s gs t+Q, sin 4 t) N. 
2 i 2 
Hence Ty. Qs= Qin, 


-Ty.Q)= Qen, 
which are virtually the same equation, and thus 


Hence q=Q, cos 


q=9; (cos Tn ee Un sin 51) 
2 2 
tT'n 
=Q,(Un)” . 
And the interpretation of g ( ) q7} will obviously then be a rotation about n 
through the angle t7'n, together with any other arbitrary rotation whatever. Thus 


any position whatever may be taken as the initial one of the body, and 01 (ies: 
brings it to its required position at time t=0. 
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that is, we have to integrate a system of four other differential 
equations harder than the first, 
Putting, as in § 412, 
n=, +jo0,+ko,, 
where ,, @,, @, are supposed to be known functions of ¢, and 
g=wt+wt+ijyt kz, 
1,, dw_dx dy dz 


this system is 9 Ut = Woy ye 
where W =- 0,0 — a,y — @,2, 
X= oW+o,y—,2, 
Y= owt+o,z- 0,2, 
4= oWt+oe-—oy; 


or, as suggested by Cayley to bring out the skew symmetry, 


A= : @,Y — 02+ 0, 
Y=-oe . +0 7+0,u, 
Z= of -oy . +0,U, 
W =-0,v@-0,y — 0,2 


Here, of course, one integral is 
w+a+y? +2 = constant. 

It may suffice thus to have alluded to a possible mode of 
solution, which, except for very simple values of 7, involves very 
great difficulties. The quaternion solution, when 7 is of constant 
length and revolves uniformly in a right cone, will be given 
later. 


417. If, on the other hand, we eliminate 7, we have to 

integrate 
gb" (Y"79) = 24, 

so that one integration theoretically suffices. But, i consequence 
of the present imperfect development of the quaternion calculus, 
the only known method of effecting this is to reduce the quaternion 
equation to a set of four ordinary differential equations of the first 
order. It may be interesting to form these equations. 


Put q=wtimt+jy + kz, 
y=tatyb + ke, 
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then, by ordinary quaternion multiplication, we easily reduce the 
given equation to the following set: 

dt_dw_da_dy_dz 

en ee eee: 


where 
W=-a8—-yB-2z@ or X= . yO=24+ wv, 
X= wh+yO — 298 Y=-c@ . +208+w, 


Y= w%3+2A-« Z= «B-yA . +uw, 
Z= wO+eB-y W=-0eF8-yB-2eo . , 
and 


=5 [a (w* — a? — y’ — 2°) + 2a(av+by + cz) + 2w (bz — cy)], 
BB =5 [b (w* — a — y® — 2°) + 2y (awe + by + cz) + 2w (cw — az)], 


© = 7 [c¢ (w’— a — vy? — 2”) + 22(aw + by+ cz) + 2w (ay— ba)]. 


W, X, Y, Z are thus homogeneous functions of w, a, y, z of the third 
degree. 

Perhaps the simplest way of obtaining these equations is to 
translate the group of § 410 into w, x, y, z at once, instead of 
using the equation from which £ and 7 are eliminated. 

We thus see that 

n = 1 + 796 + hE. 
One obvious integral of these equations ought to be 
w+ a’ +y? +2 = constant, 
which has been assumed all along. In fact, we see at once that 
wW+aX+yV+2Z=0 
identically, which leads to the above integral. 

These equations appear to be worthy of attention, partly 
because of the homogeneity of the denominators W, X, Y, Z, but 
particularly as they afford (what does not appear to have been 


sought) the means of solving this celebrated problem at one step, 
that is, without the previous integration of Euler’s equations 
(§ 412). 

A-set of equations identical with these, but not in a homo- 
geneous form (being expressed, in fact, in terms of x«, r, bb, v of 
§ 375, instead of w, a, Yy, 2),18 given by Cayley (Camb. and Dub. 
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Math. Journal, vol. i. 1846), and completely integrated (in the 
sense of being reduced to quadratures) by assuming EKuler’s 
equations to have been previously integrated. (Compare § 416.) 

Cayley’s method may be even more easily applied to the above 
equations than to his own; and I therefore leave this part of the 
development to the reader, who will at once see (as in § 416) that 
A, 3, € correspond to @,, w,, w, of the type, § 412. 


418, It may be well to notice, in connection with the formulae 
for direction cosines in § 375 above, that we may write 


1 (a8 

aA = {le (w*+ a —y? — 2°) + 2b (xy + wz) + 2c (az — wy)], 
1 : : 

= pl2a (zy — wz) +b (wt — a + y? — 2*) +20 (yz twa), 


C= “(2a (wz + wy) + 2b (yz — wa) +0 (w® — a? — y* + 2°), 


These expressions may be considerably simplified by the usual 
assumption, that one of the fixed unit-vectors (¢ suppose) is 
perpendicular to the invariable plane, which amounts to assigning 
definitely the initial position of one line in the body; and which 
gives the relations 


419, When forces act, y is variable, and the quantities a, b, c 
will in general involve all the variables w, a, y, z, t, so that the 
equations of last section become much more complicated. The 
type, however, remains the same if y involves ¢ only; if it involve 
q we must differentiate the equation, put in the form 


y= 26D, 
and we thus easily obtain the differential equation of the second 
order 


W=4Vi. gd TOT + 26V. GOT 
if we recollect that, because gg is a vector, we have 
8.979 =(1"9q)- 
Though the above formula is remarkably simple, it must, in the 


present state of the development of quaternions, be looked on as 
intractable, except in certain very particular cases. 


332 QUATERNIONS. | 420. 


420. Another mode of attacking the problem, at first sight 
entirely different from that in § 408, but in reality identical with 
it, is to seek the linear and vector function which expresses the 
Homogeneous Strain which the body must undergo to pass from its 
initial position to its position at time f. 

Let a= Va, 
a being (as in § 408) the initial position of a vector of the body, 
@ its position at time ¢ In this case y is a linear and vector 
function. (See § 376.) 

Then, obviously, we have, a, being the vector of some other 
point, which had initially the value a,, 


Saa,=S. yaya, = Saa,, 

(a particular case of which is 
Toa =Tya= Ta) 
and Vaa, = V. yaya, = xVaa,. 
These are necessary properties of the strain-function y, depending 
on the fact that in the present application the system is rigid. 
421. The kinematical equation 
a=Veo 

becomes ya=V. exa 


(the function ¥ being formed from y by the differentiation of its 
constituents with respect to t). 


Hamilton’s kinetic equation 
>.maVea =y, 
becomes y.myaV. exa=y¥. 
This may be written 


ym (xaS. exya — ea”) = y, 


or >. m (aS .ay'e — yea”) = yy, 
where y’ is the conjugate of y. 

But, because S. yaya, = Saa,, 
we have Saa, = S.ay’xa,, 


whatever be a and a,, so that 


/ = 


x = 
Hence > .m (aS.ay te — y7e.a”) = yy, 


or, by § 408 oy €=xX"¥. 
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422. Thus we have, as the analogues of the equations in 
§§ 408, 409, 


ex n, 

x 'y=6 
and the former result xa= Vi exa 
becomes xa = V.xnya=xVna. 


This is our equation to determine y, 7 being supposed known. 
To find 7 we may remark that 


on = €, 
and f= eae 
But XX A=a, 
so that XX a+ oh a=0. 
Hence f=- yx yxy 
=— V.ny y= Vin = V. ob", 
or oy = — Vndn. 


These are the equations we obtained before. Having found » 
from the last we have to find y from the condition 


x ya = Vna. 
423. We might, however, have eliminated 7 so as to obtain 


an equation contaiming y alone, and corresponding to that of 
§ 410. For this purpose we have 


n — CoC= xy, 
so that, finally, x 'ya=V.d"x ‘ya, 
or ya =V.x "aby", 


which may easily be formed from the preceding equation by 


putting ya for a, and attending to the value of se given in last 
section. 


424. We have given this process, though really a disguised 
form of that in §§ 408, 410, and though the final equations to 
which it leads are not quite so easily attacked in the way of 
integration as those there arrived at, mainly to shew how free a 
use we can make of symbolic functional operators in quaternions 
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without risk of error. It would be very interesting, however, 
to have the problem worked out afresh from this point of view by 
the help of the old analytical methods: as several new forms of 
long-known equations, and some useful transformations, would 
certainly be obtained. 


425. As a verification, let us now try to pass from the final 
equation, in y alone, of § 423 to that of § 410 in q alone. 


We have, obviously, 
= qaq” = Xa, 
which gives the relation between gq and y. 


[It shews, for instance, that, as 


S.Bya=S8 .ay'B, 
while S.Bya=S.Bqaq? =S.aq*Bq, 
we have x'B =" P4, 


and therefore that yx/B =q(¢"Bq)¢' = 
or x’ =x", as above. | 


Differentiating, we have 


qaq* — qaq* qq” 
Hence x “vo. = qr *qa—aq¢ 
= 2), V(q'"q) a. 
Also dx Y=¢6' (F'99) 


so that the equation of § 423 becomes 
2V.V (q'g)a=V. 6" (g*yq) a, 


or, aS a may have any value whatever, 
2V.q°q=$" (¥"79); 
which, if we put Tq = constant 


as was originally assumed, may be written 


24 = 9" (779); 
as in § 410. 


C. Special Kinetic Problems. 


426. To form the equation for Precession and Nutation. Let 
a be the vector, from the ¢entre of inertia of the earth, to a particle 
m of its mass: and let p be the vector of the disturbing body, whose 
mass is M. The vector-couple produced is evidently 
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s U(p-c) 
MX .mV.c T* (po ~<a) 


eR 
TF (p—<) 
mVop 1 
—P 2So T’a\3 
mVop (1- Es 
1"p 1"p 


= MS. +&e.), 


: A To ‘ 
no farther terms being necessary, since 7, always small in the 
p 
actual cases presented in nature. But, because o is measured from 
the centre of inertia, 


+.mo = 0. 
Also, as in § 408, pp ==X.m(cSop — ap). 
Thus the vector-couple required is 

3M 

Tp V. ppp. 


Referred to codrdinates moving with the body, ¢ becomes ¢ as in 
§ 413, and § 413 gives 


Simplifying the value of » by assuming that the earth has two 
principal axes of equal moment of inertia, we have 


Be —(A — B) aSae = vector-constant + 3M (A — B) |e dt. 
This gives Sae = const, = 0, 
whence e=—QOa+ aa, 


so that, finally, 
BVaéi —- AQa= od (A — B) VapSap. 


The most striking peculiarity of this equation is that the form 
of the solution is entirely changed, not modified as in ordinary cases 
of disturbed motion, according to the nature of the value of p. 

Thus, when the right-hand side vanishes, we have an equation 
which, in the case of the earth, would represent the rolling of a 
cone fixed in the earth on one fixed in space, the angles of both 
being exceedingly small. 
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If p be finite, but constant, we have a case nearly the same as 
that of a top, the axis on the whole revolving conically about p. 


But if we assume the expression 
p=r(jcos mt +k sin mt), 


(which represents a circular orbit described with uniform speed,) 
a revolves on the whole conically about the vector’, perpendicular 
to the plane in which p lies. (§§ 408—426, Trans. R. S. L., 
1868—9.) 


427. To form the equation of motion of a simple pendulum, 
taking account of the earth’s rotation. Let a be the vector (from 
the earth’s centre) of the point of suspension, X its inclination to 
the plane of the equator, a the earth’s radius drawn to that point; 
and let the unit-vectors 2, 7, % be fixed in space, so that ¢ is parallel 
to the earth’s axis of rotation; then, if w be the angular velocity 
of that rotation 


a=a[isind +(j cos wt +k sin wt) cosA]......... (Or 

This gives a= aw (—7 sin wt + k cos wt) cos X 
=F V Uap nebubinct ten cps t neg vena camer (2) 
Similarly &= Vid =— wo" (0 — G0 Si A) oie yan et eeeey (3). 


428. Let p be the vector of the bob m referred to the point of 
suspension, # the tension of the string, then if a, be the direction 
of pure gravity 

m(a-+- p)=—mgUa,— RUp sc. wneeesee. (4), 
which may be written 


< eal 
Vpa + Vo; "as Ta, 
To this must be added, since r (the length of the string) is 
constant, 


and the equations of motion are complete. 


429. These two equations (5) and (6) contain every possible case 
of the motion, from the most infinitesimal oscillations to the most 
rapid rotation about the point of suspension, so that it is necessary 
to adapt different processes for their solution in different cases. 
We take here only the ordinary Foucault case, to the degree of 
approximation usually given. 
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430. Here we neglect terms involving o% Thus we write 
a= 0, 


and we write a for a,,as the difference depends upon the ellipticity 
of the earth. Also, attending to this, we have 


where (by (6)) oer = Vite Viecrokr ae (8), 
and terms of the order a’ are neglected, 


With (7), (5) becomes 


“the Vas ae Vaca ; 
a a 
so that, if we write Z Dies inhinan ses scnco. tun Peay: (9), 
we have td (cae ara @ fk | ee ee (10). 


Now, the two vectors ai—asindX and Via 


have, as is easily seen, equal tensors; the first is parallel to the line 
drawn horizontally northwards from the point of suspension, the 
second horizontally eastwards. 


Let, therefore, @=£(at—asina) + yVia ........006 abe 
which (« and y being very small) is consistent with (6). 
From this we have (employing (2) and (3), and omitting w°) 
a =a (at—asindr) +yVia— xo sin AVia — yw (a — ai sin 2d), 
& = 4% (ai—asind) + Via — 2a%o sin A Via — 2yjw (a — ai sin 2). 
With this (10) becomes 
Va [% (ai — asin X) + ij Via — 2% sin A Via — 27 (a — av sin d) 
+ n'a (ai—asin dr) + n*y Via] =0, 
or, if we note that V.aVia=a (ai—asin X), 
(— @ — 2yo sind — na) aVia + (ij — 2c sin AX +n*y)a (ai—asindr)=0. 
This gives at once = #+na+ 27 - Ne i phecgpes POE (12), 
ij t+n’y — 2% sin r= 0 
which are the equations usually obtained; and of which the solution 
is as follows :— 


If we transform to a set of axes revolving in the horizontal plane 
at the point of suspension, the direction of motion being from the 


T. Q. I. 22 
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positive (northward) axis of # to the positive (eastward) axis of y, 
with angular velocity Q, so that 
ENCES a 2a Se (13), 
y =&sin Ot+ 7 cosMt 
and omit the terms in 9? and in oO (a process justified by the 
results, see equation (15)), we have ’ 
(E + w&) cos Ot — (4 +n’) sin Ot — 24 (OQ — @ sin X) = a (14) 
(E+ w£) sin Ot + (4) + n’n) cos Ot + 2¢(Q — w sin r) = 0 


So that, if we put Dre Osin Ags eee ee (15), 
. j 2 = 
een ar sag | eae aoe ee (16) 
i 


the usual equations of elliptic motion about a centre of force in the 
centre of the ellipse. (Proc. R. S. H., 1869.) 


D. Geometrical and Physical Optics. 


431. To construct a reflecting surface from which rays, emitted 
froma point, shall after reflection diverge uniformly, but horizontally. 


Using the ordinary property of a reflecting surface, we easily 
obtain the equation 
he 
S.dp (Ptah) oat 


By Hamilton’s grand Theory of Systems of Rays, we at once 
write down the second form 


Tp — T (8 +aVap) = constant. 


The connection between these is easily shewn thus. Let @ and 
t be any two vectors whose tensors are equal, then 


\ 2 
(=) =14 20774 (ary 


= 2o@7'(1+Sar") (Chapter IIT. Ex. 2), 


whence, to a scalar factor prés, we have 


(2 aaees 
Ti) cek Tie 


Hence, putting a= U(B+aVap) and t= Up, we have from the 
first equation above 


S.dp [Up + U(8+aVap)]=0, Py 
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But d(B + aVap)=aVadp = — dp — aNadp, 
and S.a(8+aVap) =0, 
so that we have finally 
S.dpUp—S.d(8+aVap) U(B+aVap)=0, 

which is the differential of the second equation above. A curious 
particular case is a parabolic cylinder, as may be easily seen 
geometrically. The general surface has a parabolic section in the 
plane of a, 8; and a hyperbolic section in the plane of 8, a. 

It is easy to see that this is but a single case of a large class of 
integrable scalar functions, whose general type is 


S.dp (=")"p=0, 
p 
the equation of the reflecting surface ; while 
S(o¢—p)da=0 
is the equation of the surface of the reflected wave: the integral 


of the former being, by the help of the latter, at once obtained in 


the form 
Tp +T(o—p)=constant*. 


432. We next take Fresnel’s Theory of Double Refraction, but 
merely for the purpose of shewing how quaternions simplify the 
processes required, and in no way to discuss the plausibility of the 
physical assumptions. 

Let ta be the vector displacement of a portion of the ether, 
with the condition 


the force of restitution, on Fresnel’s assumption, is 
t (@iSio + by Sja + okhSko) =tbo, 
using the notation of Chapter V. Here the function ¢ is the 
negative of that of Chapter IX. (the force of restitution and the 
displacement being on the whole towards opposite parts), and it is 
clearly self-conjugate. a’, b’, c’ are optical constants depending on 
the crystalline medium, and on the wave-length of the light, and 
may be considered as given. 
Fresnel’s second assumption is that the ether is incompressible, 
or that vibrations normal to a wave front are inadmissible. If, 


* Proc, R, S. E., 1870-71, 
Jae 
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then, a be the unit normal to a plane wave in the crystal, we have 
of course 


OO mid fo. os ana peerage a2) 
and Sito = Olea ee eee (3); 
but, and in addition, we have : 
a Vado || a, 
or S hoa hori O ee et eo cee eee (4). 


This equation (4) is the embodiment of Fresnel’s second assump- 
tion, but it may evidently be read as meaning, the normal to the 
front, the direction of vibration, and that of the force of restitution 
are in one plane. 


433, Equations (3) and (4), if satisfied by a, are also satisfied 
by wa, so that the plane (3) intersects the cone (4) in two lines 
at right angles to each other. That is, for any given wave front 
there are two directions of vibration, and they are perpendicular to 
each other. 


434, The square of the normal speed of propagation of a 
plane wave is proportional to the ratio of the resolved part of the 
force of restitution in the direction of vibration, to the amount of 
displacement, hence 


v =Sadoa. 
Hence Fresnel’s Wave-surface is the envelop of the plane 
Sap Saar 1. .eyst ee eee eee (5), 
with the conditions Oe ete Rk ote Cae en eee (1), 
Oa tI 9. ee ee (2), 
Stari OSH ote kane see (3), 
SS laos har = Ol. 1aSeia.) ott Aen eee (4) 


Formidable as this problem appears, it is easy enough. From (3) . 
and (4) we get at once, 


ca=V.aVado. 
Hence, operating by S.a, 
—x2=—Sada=—r", 
Therefore (b+0°) o =—aSada, 
and JS spt (ch=-1ei 0g ie ctees Ng oe ee eae (6). 
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In passing, we may remark that this equation gives the normal 
speeds of the two rays whose fronts are perpendicular to a. In 
Cartesian cdordinates it is the well-known equation 
P? e me A n° 0 
a—v Paw ea-y 


By this elimination of a, our equations are reduced to 


peal Oe) rele Oli iiccxtds sax oncateen (6), 
ood 0) oi rey ee (5), 
Td ae OR cr pe ae eee (2). 


They give at once, by § 326, 
(p+v°) "a+ vpSa (fh +°) *a =ha. 
Operating by S.a we have 
vSa (b+ 0°) a =h. 
Substituting for h, and remarking that 
Sa(¢+v")°a=— 1” (6+ v’) "a, 
because ¢ is self-conjugate, we have 


2-1, _ U&—p 
v(p+v") pins aree 


This gives at once, by rearrangement, 
v(>+0') "a= ($—p""p. 


ay-1 __ Va — P 
Hence ( p) as 
Operating by S.p on this equation we have 
Mice Ae ear La ketdnns nheo se taieses (7), 


which is the required equation. 

[It will be a good exercise for the student to translate the last 
ten formulae into Cartesian coordinates, He will thus reproduce 
almost exactly the steps by which Archibald Smith* first arrived 
at a simple and symmetrical mode of effecting the elimination. 
Yet, as we shall presently see, the above process is far from being 
the shortest and easiest to which quaternions conduct us. 


435. The Cartesian form of the equation (7) is not the usual 


one. It is, of course, 
2 2 2 
; z 
2 - eae 


- +- —_-—,, Tiare 
Cor (ba fe Ce —T 


* Cambridge Phil. Trans., 1835. 
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But write (7) in the form 


or S.p yornul 
o—Pp ’ 
and we have the usual expression 
ara by? C2" 


+3+=—5 = 9. 
Gar Fac — 7 


The last-written quaternion equation can also be put into either 


of the new forms 
Sunn 
Up! ( =) = 3 
op) © 
or T(p*- 67) *p=0. 
436. By applying the results of §§ 183, 184 we may introduce 
a multitude of new forms. We must confine ourselves to the most 
simple; but the student may easily investigate others by a process 
precisely similar to that which follows. 


Writing the equation of the wave as 
Sp(g? +g) "p =0, 
where we have g=-p 
we see that it may be changed to 
Sie senate 0: 


if mSpodp = ghp’ = —h. 
Thus the new form is 
Set ns popyerp= 0... eee CL) 
1 2 2 2 52 
Here m= apa Spdp = a'a* + b*y’ + 2’, 


and the equation of the wave in Cartesian cdordinates is, putting 


pe ot aa? at b*y? ab cz", 
a y" Ve 


"OR Saeye TE 7= 0. 
bet — 7, Ca'—r? a’b*—r? 


437. By means of equation (1) of last section we may easily 
prove Pliicker’s Theorem :— 


The Wave-Surface is its own reciprocal with respect to the 
ellipsovd whose equation is 


1 il 
Spd’p = vm : 
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The equation of the plane of contact of tangents to this surface 
from the point whose vector is p is 


1 
Sad! p= —. 
hatte Am 
The reciprocal of this plane, with respect to the unit-sphere 
about the origin, has therefore a vector « where 


T= I Nhs dp. 
Hence ak oa 
P vm ‘ 


and when this is substituted in the equation of the wave we have 
for the reciprocal (with respect to the unit-sphere) of the reciprocal 
of the wave with respect to the above ellipsoid, 


: 1 . : 
S.c ($ ster Sog7e) a=, 


This differs from the equation (1) of last section solely in having 
g¢* instead of ¢, and (consistently with this) 1/m instead of m. 
Hence it represents the index-surface. The required reciprocal 
of the wave with reference to the ellipsoid is therefore the wave 
itself. 


438. Hamilton has given a remarkably simple investigation 
of the form of the equation of the wave-surface, in his Hlements, 
p. 736, which the reader may consult with advantage. The 
following is essentially the same, but several steps of the process, 
which a skilled analyst would not require to write down, are 
retained for the benefit of the learner. 


Let Sup ms eat | be eRe ors ee ane Ge ie re MoS (1) 


be the equation of any tangent plane to the wave, Le. of any wave- 
front. Then w is the vector of wave-slowness, and the normal 
velocity of propagation is therefore 1/7. Hence, if a be the vector 
direction of displacement, wa is the effective component of the 
force of restitution. Hence, ¢a denoting the whole force of 


restitution, we have J 
oo —p a || pw, 


or @ || (p-w*)"p, 
and, as @ is in the plane of the wave-front, 
Sua = 0, 


or SEC = tie ff O! fairies ais (2). 
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This is, in reality, equation (6) of § 434, It appears here, 
however, as the equation of the Indew-Surface, the polar reciprocal 
of the wave with respect to a unit-sphere about the origin. Of 
course the optical part of the problem is now solved, all that 
remains being the geometrical process of § 328. 


439, Equation (2) of last section may be at is transformed, 
by the process of § 435, into — 
Sp (wi — py" w= I, 
Let us employ an auxiliary vector 
T= (uw —o")"m, 
whence (ea el SIGE) TIE awn ee mee (1): 
The equation now becomes 


or, by (1), fer Sto 7 =e eee ee (3). 
Differentiating (3), subtract its half from the result obtained by 
operating with S.7 on the differential of (1). The remainder is 
T Sudu — Std =0. 
But we have also (§ 328) 
Spdu = 0, 
and therefore, since dw has an infinite number of values, 


“Lp = pt —T, 
where w is a scalar. 


This equation, with (2), shews that 


foie ea Rel Ne eee Mile Sue ce (4). 
Hence, operating on it by S.p, we have by (1) of last section 
tp =— 7, 
and therefore p =—ptr. 
This gives pe = pie 


Substituting from these equations in (1) above, it becomes 
Tp = (pP ta? gr, 
or r= ($7? —p yp? 
Finally, we have for the required equation, by (4), 
Sp" (p° — p*)"p7*=0, 
or, by a transformation already employed, 


Sp ($—p’)"p=—1. 
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440. It may assist the student in the practice of quaternion 
analysis, which is our main object, if we give a few of these 
investigations by a somewhat varied process. 

Thus, in § 432, let us write as in § 180, 

viSia + by Sia + chSka = NSp'o + pS — p'o. 
We have, by the same processes as in § 432, 
S.aar'Sy’'a + S. wap'Sr’a = 0. 

This may be written, so far as the generating lines we require are 
concerned, 

S.aaV.Nop'=0=S.aanr'oy’, 
since wa is a vector. 

or OS" GRR es ree ee 1 

Or we may write | ) 

S.wV.araa=0=S8. p'or'oa 
Equations (1) denote two cones of the second order which pass 


through the intersections of (3) and (4) of § 432. Hence their 
intersections are the directions of vibration. 


441. By (1) we have 
S.araapy’ = 0. 

Hence ma, a, w’ are coplanar; and, as @ is perpendicular to a, 
it is equally inclined to Vi’a and Vy'a. 

For, if ZL, M, A be the projections of 2’, yw’, a on the unit 
sphere, BC the great circle whose 
pole is A, we are to find for the od 
projections of the values of a on 
the sphere points P and P’, such 
that if LP be produced till 

PQ = LP, 

Q may lie on the great circle AM. 
Hence, evidently, 


OP = PB, 
and OP’ = PB ‘ 


which proves the proposition,since 
the projections of Via and Vy’a on the sphere are points b and 
cin BC, distant by quadrants from C and B respectively. 
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442. Or thus, Saa= 0, 
S.aV.ar'op' =0, 
therefore wos=V.aV.ar op, 
=—V.Nopw —aSaV.r’op’. 
Hence (SX py! — a) a = (A + aSan’) Sp'o + (w’ + aap’) Sr'o. 
Operate by S. 2’, and we have 
(a + Sr’ aSp'a) Sr’o = [V7a” — Sra] Spo 


= Syw'aT”Vr'a. 
Hence by symmetry, 
Swe py _SNa, ip 
Do VN. ror Vu 
Sra Sp'a coy 
& PVNat TV ya” 
x fy 
So (apy PVaa) = 
and as Saa= 0, 


= UU Noe UVa 


443. The optical interpretation of the common result of the 
last two sections is that the planes of polarization of the two rays 
whose wave-fronts are parallel, bisect the angles contained by planes 
passing through the normal to the wave-front and the vectors (optic 
axes) 0’, w. 


444, As in § 434, the normal speed is given by 
v =Sada = 28 aSp'a — p'o” 
r S? rN wa 
Bed Ede tisy Ne 


[This transformation, effected by means of the value of @ in 
§ 442, is left to the reader. ] 


Hence, if v,, v, be the velocities of the two waves whose 
normal is a, 


v,—v,'=2T. VraVpia 
c sin Xa sin wa. 
That is, the difference of the squares of the speeds of the two 


waves varies as the product of the sines of the angles between the 
normal to the wave-front and the optic axes (N, py’). 
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445. We have, obviously, 
(—S*). VNaVwa= TV. VrNaVp'a=8*. Na. 
Hence v=p F(1+8). VNaVu'a. 


The equation of the index surface, for which 


. 1 
Tp = = Up=a, 
is therefore 1=-— p/p’ + (148). Vr'pVy'p. 


This will, of course, become the equation of the reciprocal of the 

index-surface, i.e. the wave-surface, if we put for the function ¢ 

its reciprocal : i.e. if in the values of 2’, p’, p’ we put 1/a, 1/b, 1/c 

for a, b, c respectively. We have then, and indeed it might have 

been deduced even more simply as a transformation of § 434 (7), 
1=— pp’ ¥ (1+ 8S). VapVup, 

as another form of the equation of Fresnel’s wave. 


If we employ the «, x transformation of § 128, this may be 
written, as the student may easily prove, in the form 


(?— VP =S?(e—x)p+(LVip $ TV Kp)’. 


446. We may now, in furtherance of our object, which is to 
give varied examples of quaternions, not complete treatment of any 
one subject, proceed to deduce some of the properties of the wave- 
surface from the different forms of its equation which we have 
given. 


447, Fresnel’s construction of the wave by points. 

From § 290 (4) we see at once that the lengths of the principal 
semidiameters of the central section of the ellipsoid 

Spd ‘p= 1, 
by the plane Sap = 0, 
are determined by the equation 
S.a(p'—p)'a=0. 

If these lengths be laid off along a, the central perpendicular to the 


cutting plane, their extremities lie on a surface for which a= Up, 
and 7'p has values determined by the equation. 


Hence the equation of the locus is 


Sp(¢'— p*y"p =0, 
as in §§ 434, 439. 
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Of course the index-surface is derived from the reciprocal ellip- 
soid 
Sphp =1 
by the same construction. 


448. Again, in the equation , 
1=— ppt (T+ 8). VApVup, 
suppose Vrp=9, or Vup =0, 
we obviously have 
and there are therefore four singular points. 


To find the nature of the surface near these points put 


Soe 
p Vp ? 


where 7's is very small, and reject terms above the first order in 


Ta. The equation of the wave becomes, in the neighbourhood of 
the singular point, 


2pSr@+8.aV.AVAp= + T.VdA@ Vp, 


which belongs to a cone of the second order. 


449, From the similarity of its equation to that of the wave, it 
is obvious that the index-surface also has four conical cusps. As 
an infinite number of tangent planes can be drawn at such a point, 
the reciprocal surface must be capable of being touched by a plane 
at an infinite number of points; so that the wave-surface has four 
tangent planes which touch it along ridges. 


To find their form, let us employ the last form of equation of 
the wave in § 445. If we put 


LVip= DV coe eo (1), 


we have the equation of a cone of the second degree. It meets the 
wave at its intersections with the planes 


S(0—«) p= + (C= Vl eee (2). 


Now the wave-surface is touched by these planes, because we 
cannot have the quantity on the first side of this equation greater 
in absolute magnitude than that on the second, so long as p 
satisfies the equation of the wave. 
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That the curves of contact are circles appears at once from (1) 

and (2), for they give in combination 
PE US (CHEW) Diva ccd dass wieis cdbaans (3), 

the equations of two spheres on which the curves in question are 
situated. 

The diameter of this circular ridge is 
2TVix _ 
T'(t—K) 

[Simple as these processes are, the student will find on trial 
that the equation 

Sp (p*— py "p=, 


gives the results quite as simply. For we have only to examine 
the cases in which —p™ has the value of one of the roots of the 
symbolical cubic in ¢*. In the present case 7p =b is the only 
one which requires to be studied. ] 


TV. (6-+ x) U(s—x) = ; J@=B) Fae. 


450. By § 438, we see that the auxiliary vector of the succeed- 

ing section, viz. 
fa (2 ‘es pty tp an (2 = poy pe 
is parallel to the direction of the force of restitution, da. Hence, 
as Hamilton has shewn, the equation of the wave, in the form 
Stp =0, 

(4) of § 439, indicates that the direction of the force of restitution is 
perpendicular to the ray. 

Again, as for any one versor of a vector of the wave there are 
two values of the tensor, which are found from the equation 


S. Up (p*— p*) Up =, 
we see by § 447 that the lines of vibration for a given plane front 
are parallel to the axes of any section of the ellipsord 
S. pp p=1 
made by a plane parallel to the front ; or to the tangents to the lines 
of curvature at a point where the tangent plane is parallel to the 
wave-front. 


451. Again, a curve which is drawn on the wave-surface so as 
to touch at each point the corresponding line of vibration has 


gdp ||(P'—p*)'P. 
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Hence Sdpdp = 0, or Spdp=C, 


go that such curves are the intersections of the wave with a series 
of ellipsoids concentric with it. 


452. For curves cutting at right angles the lines of vibration we 
have ; 


dp\l Veo" (p* as prep 
Vp (b—p*) ’p. 
Hence Spdp = 0, or Tp=C, 
so that the curves in question lie on concentric spheres. 
They are also spherical conics, because where 
Lo=G 
the equation of the wave becomes 
8. p ("+ C7) 7p =0, 
the equation of a cyclic cone, whose vertex is at the common centre 
of the sphere and the wave-surface, and which cuts them in their 
curve of intersection. (§§ 432—452, Quarterly Math. Journal, 1859.) 
The student may profitably compare, with the preceding investi- 


gations, the (generally) very different processes which Hamilton 
(in his Hlements) applies to this problem. 


EL. Electrodynamics. 


453. As another example we take the case of the action of 
electric currents on one another or on magnets; and the mutual 
action of permanent magnets. 


A comparison between the processes we employ and those of 
Ampere (héorve des Phénoménes Electrodynamiques) will at once 
shew how much is gained in simplicity and directness by the use 
of quaternions. 

The same gain in simplicity will be noticed in the investiga- 
tions of the mutual effects of permanent magnets, where the 


resultant forces and couples are at once introduced in their most 
natural and direct forms, 


454, Ampére’s experimental laws may be stated as follows: 


I. Equal and opposite currents in the same conductor produce 
equal and opposite effects on other conductors, 


: 
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II. The effect of a conductor bent or twisted in any manner is 
equivalent to that of a straight one, provided that the two are 
traversed by equal currents, and the former nearly coincides with 
the latter. 

III. No closed circuit can set in motion an element of a 
circular conductor about an axis through the centre of the circle 
and perpendicular to its plane. 

IV. In similar systems traversed by equal currents the forces 
are equal. 


To these we add the assumption that the action between two 
elements of currents is in the straight line joining them. [In a 
later section (§ 473) other assumptions will be made in place of 
this.] We also take for granted that the effect of any element of 
a current on another is directly as the product of the strengths of 
the currents, and of the lengths of the elements. 


455. Let there be two closed currents whose strengths are 
a and a,; let a’, a, be elements of these, a being the vector 
joining their middle points. Then the effect of « on a, must, 
when resolved along a,, be a complete differential with respect 
to a (i.e. with respect to the three independent variables involved 
in a), since the total resolved effect of the closed circuit of which 
a’ is an element is zero by III. 

Also by I, II, the effect is a function of Ta, Saa’, Saa,, and 
Sa'a,, since these are sufficient to resolve a and a, into elements 
parallel and perpendicular to each other and to a. Hence the 
mutual effect is 

aa,Uaf(Ta, Saa’, Saa,, Sa’a,), 
and the resolved effect parallel to a, is 
aa,SUa,Uaf. 
Also, that action and reaction may be equal in absolute magnitude, 
f must be symmetrical in Saa’ and Saa, Again, a’ (as differential 
of a) can enter only to the first power, and must appear in each 
term of f 

Hence f= AS8o'a, + BSaa'Saa,. 

But, by IV, this must be independent of the dimensions of the 
system. Hence A is of —2 and B of —4 dimensions in Ta. 


Therefore 


ty {A Saa,Sa’a, + BSaa'S*aa,} 
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is a complete differential, with respect to a, if da=a’. Let 


C 
Ae Te 
where C is a constant depending on the units employed, therefore 
C B ; / 
Ce wa Poa 
C 
a Ons. 
os ane Tor 
and the resolved effect 
_ Caa, , Sau, _ Saa 5 Pe phe, 
= 27a. 1d To? = Caa Os Ty “Tee a’Sa’a, + 8Saa’Saa,) 
=100 Se Ta Ais (S. Vaa' Vaa, + }Saa'Saa,). 


The factor in brackets is evidently proportional in the ordinary 
notation to 
sin @ sin 0’ cos w — 3 cos 6 cos 6. 


456. Thus the whole force is 


Caa,a ,S’aa, Caaa , S’aa’ 
2Sacs ilo Mes cceeela m 


as we should expect, da being =a, [This may easily be trans- 
formed into 
_ 2Caa,Ua 


"car 


which is the quaternion expression for Ampére’s well-known form. | 


ae ds (To) 


457. The whole effect on a, of the closed circuit, of which a’ is 
an element, is therefore 


Caa, ie (Sac, i 
2 Taq, Te 
_ Caa, one a, { Tat 
Sion a 


between proper limits. As the integrated part is the same at both 
limits, the effect is 


ses Va,8, where B= | ae = / dUa 
ia 


and depends on the form of the closed circuit. 


> 
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458. This vector 8, which is of great importance in the whole 
theory of the effects of closed or indefinitely extended circuits, cor- 
responds to the line which is called by Ampvre “directrice de 
Vaction électrodynamique.” It has a definite value at each point 
of space, independent of the existence of any other current. 


Consider the circuit a polygon whose sides are indefinitely 
small; join its angular points with any assumed point, erect at 
the latter, perpendicular to the plane of each elementary triangle 
so formed, a vector whose length is w/7, where @ is the vertical 
angle of the triangle and r the length of one of the containing 
sides; the sum of such vectors is the “ directrice” at the assumed 
point. 

[We may anticipate here so far as to give another expression 
for this important vector, in terms of processes to be explained 
later. 


We have, by the formula (for a closed curve) of § 497 below, 
= [7 5- =| Vp py, -| ds VV (WN) 7 . 


(where ds is an element of any surface bounded by the circuit, Uv 
its unit normal) 


eg 1 
= [[asuw Tp ~¥ |[ as800V 7 


But the last integral is obviously the whole spherical angle, Q 
suppose, subtended by the circuit at the origin, and (unless 7’p = 0) 


we have (§ 145) 
1 


= 
V Tp 0. 


Hence, generally, 

B=-VQ. 
Thus may be considered as representing a potential, for which 
B is the corresponding force. 


This is a “ many-valued” function, altering by 4 whenever we 
pass through a surface closing the circuit. For if o be the vector 
of a closed curve, the work done against 8 during the circuit is 


[SBdo = — f SdoVO = fdQ. 
The last term is zero if the curve is not linked with the 
circuit, but increases by + 47 for each linkage with the circuit. ] 
a Oe I. 23 
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459. The mere form of the result of § 457 shews at once that 
if the element a, be turned about its middle point, the direction of the 
resultant action is confined to the plane whose normal is B. 

Suppose that the element a, is forced to remain perpendicular 
to some given vector 6, we have 


Sa,d = 0, 
and the whole action in its plane of motion is proportional to 
LV AON. 
But V.8Va,8 = —a,SB6. 


Hence the action is evidently constant for all possible positions 
of a,; or 


The effect of any system of closed currents on an element of a 
conductor which is restricted to a given plane is (in that plane) 
independent of the direction of the element. 


460. Let the closed current be plane and very small. Let 
(where 7'e = 1) be its normal, and let y be the vector of any point 
within it (as the centre of inertia of its area); the middle point of 
a, being the origin of vectors. 


Let a=y+p; therefore a’ =p’, 


fe a ee ae 
Ta’ ~} Ty + py 
dn oli | mel 
=To [VO +p)p ey Try? 
to a sufficient approximation. 
Now (between limits) [Vpp’ = 2Ae, 


where A is the area of the closed circuit. 


and 


Also generally 
[Veyp'Syp = 4 (SypVyp + yV . yf V pp’) 
= (between limits) Ay Vrye. 
Hence for this case 


Ges (2¢ ah 9s) 
a Ty’ 


ATA, BySrye 
(« aE = Try? ). 


; 
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461. If, instead of one small plane closed current, there be a 
series of such, of equal area, disposed regularly in a tubular form, 
let « be the distance between two consecutive currents measured 
along the axis of the tube; then, putting y= ae, we have for the 
whole effect of such a set of currents on a, 

CAaa ieee: ; 

aoe Va, | + PE 

Qa 1 \Try Try 
CAaa, Vi a 5g 
=— =e Tee (between proper limits). 

If the axis of the tubular arrangement be a closed curve this will 
evidently vanish. Hence a closed solenoid exerts no influence on an 
element of a conductor. The same is evidently true if the solenoid 
be indefinite in both directions. 


It the axis extend to infinity in one direction, and y, be the 
vector of the other extremity, the effect is 


CAaa, Va,y, 

22 Try,’ 
and is therefore perpendicular to the element and to the line joining 
it with the extremity of the solenoid. It is evidently inversely as 
Ty, and directly as the sine of the angle contained between the 
direction of the element and that of the line joining the latter with 
the extremity of the solenoid. It is also inversely as x, and there- 
fore directly as the number of currents in a unit of the axis of the 


solenoid. 


462. To find the effect of the whole circuit whose element is 
a, on the extremity of the solenoid, we must change the sign of 
the above and put a, =’; therefore the effect is 
CAaa, ( Vy 
2x ee 
an integral of the species considered in § 458, whose value is easily 
assigned in particular cases. 


463. Suppose the conductor to be straight, and indefinitely 
extended in both directions. 

Let h@ be the vector perpendicular to it from the extremity of 
the solenoid, and let the conductor be || 7, where 70 = Tn = 1. 

Therefore yy =hO+yn (where y is a scalar), 


Voy = hy’ Vind, 93—2 
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and the integral in § 462 is 


aa ee iy 
n jocqpane = 1 


The whole effect is therefore 


and is thus perpendicular to the plane passing through the conductor 
and the extremity of the solenoid, and varies inversely as the distance 
of the latter from the conductor. 

This is exactly the observed effect of an indefinite straight 
current on a magnetic pole, or particle of free magnetism. 


464, Suppose the conductor to be circular, and the pole nearly 
in its axis. [This is not a proper subject for Quaternions,] 

Let HPD be the conductor, AB its axis, and C the pole; BO 
perpendicular to AB, and small in comparison with AH =h the 
radius of the circle. 


Let <ABbea,, BC=bk, AP=h(jo+ky) 


where ; = aa LEAP = pea é. 
y sin sin| 
Then CP =y=at+bk—h (ja + ky). 
And the effect on C oc ey 
Try’ ’ 


ch fEiO— i aal ag 
(a°+0' +h? — 2bhy)? 


where the integral extends to the whole circuit. 


> 
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465. Suppose in particular 0 to be one pole of asmall magnet 
or solenoid CC" whose length is 27, and whose middle point is at G 
and distant a from the centre of the conductor, 


Let 2CGB=A. Then evidently 
a,=a+lcos A, 
b=lsin A. ; 
Also the effect on C becomes, if a,°+b* +h? = A’, 


GF Bhby | 15 h?b*y? 
ral {(h — by) t+ a,x) + a,yk} \! + Via 5 > at + =a 


oh? (2 _ Bb | Ba,bhe | 15 bY 
= 7 Att AYO At iV 


since for the whole circuit 
cone OT 
fé ¥y oy 2a 27"(n!)" ) 
fey" oo 0, 
Oxy" =0. 


If we suppose the centre of the magnet fixed, the vector axis 
of the couple produced by the action of the current on C is 


LV.(¢cosA+ksin af ne 


— AS 7 AS © 9 At A®sinA 


If A, &c. be now developed in powers of /, this at once becomes 
awhlsin A . _GalcosA | 15a*Pcos*A BI 

(a+ hee? eth (@+hy atk 

BP sin’ A 15h sin? A | 3 (a+Jlcos A)lcos A = 5al cos =) 
Bh aD (a* +h’) a’ + h’ ( a +h? /S° 
Putting —/ for 7 and changing the sign of the whole to get that 
for pole O’, we have for the vector axis of the complete couple 
27 0° 2 2 2p2 wile ne 
ES Lie {1 ee 50 ee pen A) es &e, 
(a + h*)? (a +h*y 

which is almost exactly proportional to sin A, if 2a be nearly 
equal to h and J be small. (See Ex. 15 at end of Chapter.) 


On this depends a modification of the tangent galvanometer. 
(Bravais, Ann. de Chimie, xxxviii. 309.) 


mhlsinA . {2 30° 15h*b’ — 3a,b cos | 
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466. As before, the effect of an indefinite solenoid on a, is 


CAaa, Va,y 
le Ty 


Now suppose a, to be an element of a small plane circuit, 6 the 
vector of the centre of inertia of its area, the pole of the solenoid 
being origin. 
Let y= 6+, then a,=p. 
The whole effect is therefore 
_ CAaa, [ V(o+p)p' 
2x J T(d+p) 
_ CAA, aa, ( ae 
Sale ato 
where A, and e, are, for the new circuit, what A and ¢ were for 
the former. 


Let the new circuit also belong to an indefinite solenoid, and 
let 5, be the vector joining the poles of the two solenoids. Then 
the mutual effect is 


CAA,an, (( 3 98880) 
— Qae, LS heel’; 
5 Ae eae ae 
ee ER 

which is exactly the mutual effect of two magnetic poles. Two 

finite solenoids, therefore, act on each other exactly as two magnets, 


and the pole of an indefinite solenoid acts as a particle of free 
magnetism. 


467. The mutual attraction of two indefinitely small plane 
closed circuits, whose normals are e and ¢,, may evidently be 
deduced by twice differentiating the expression U6é/7S for the: 
mutual action of the poles of two indefinite solenoids, making dé 
in one differentiation || ¢ and in the other || €. 


But it may also be calculated directly by a process which will 
give us in addition the couple impressed on one of the circuits by 
the other, supposing for simplicity the first to be circular. [In 
the sketch we are supposed to be looking at the faces turned 
towards one another. | 


f 
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Let A and B be the centres of inertia of the areas of A and B, 


e and ¢, vectors normal to their planes, « any vector radius of B, 


ars = B, 
Then whole effect on o’, by §§ 457, 460, 
Vo'le na 3(B8 + o)S(B + o)e| 


= ore: 
1T(B +e) ory 
1 ; 3SBoa\ 3Voe'BSBe 5SBo 
ee Vo'ct t Ten) BLE PORE fs ) 
rr | a'e(1 + ge) + pe (1+ ng 
weit Sei si . 
Tp Tp" 


But between proper limits, 
[Vo'nS0c=—A,V.nVOe,, 
for generally [Vo'nS0c =—4}(VynoSdo + V.nV.0fVoo’). 


Hence, after a reduction or two, we find that the whole force 
exerted by A on the centre of inertia of the area of B 
oc a 8 (See, ee) + eSBe,+ « SBet 


This, as already observed, may be at once found by twice 


ee el 
differentiating a In the same way the vector moment, due to 


A, about the centre of inertia of B, 


A nolo Pepe 
«ag [V2 (Veet) 


P Bh Spe s) 
Se TR (Vee, + TR ‘ 
These expressions for the whole force of one small magnet on 


the centre of inertia of another, and the couple about the latter, 
seem to be the simplest that can be given. It is easy to deduce 


AA 
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from them the ordinary forms. For instance, the whole resultant 
couple on the second magnet 

eee 
4 (Vee, ae ues 

es : 

may easily be shewn to coincide with that given by Ellis (Camb. 
Math. Journal, iv. 95), though it seems to lose in simplicity and 
capability of interpretation by such modifications. 


ee 


468. The above formulae shew that the whole force exerted 
by one small magnet M, on the centre of inertia of another m, 
consists of four terms which are, in order, 


Ist. In the line joining the magnets, and proportional to the 
cosine of their mutual inclination. 


2nd, In the same line, and proportional to five times the product 
of the cosines of their respective inclinations to this line. 


3rd and 4th. Parallel to {at and proportional to the cosine of 


the inclination of ta} to the jouning line. 


All these forces are, in addition, inversely as the fourth power 
of the distance between the magnets. 


For the couples about the centre of inertia of m we have 


Ist. A couple whose axis 1s perpendicular to each magnet, and 
which vs as the sine of their mutual inclination. 


2nd. A couple whose axis is perpendiculur to m and to the line 
joing the magnets, and whose moment is as three times the product 
of the sine of the inclination of m, and the cosine of the inclination 
of M, to the joining line. 


In addition these couples vary inversely as the third power of . 
the distance between the magnets. 


[These results afford a good example of what has been called 
the internal nature of the methods of quaternions, reducing, as 
they do at once, the forces and couples to others independent of 
any lines of reference, other than those necessarily belonging to 
the system under consideration. To shew their ready applicability, 
let us take a Theorem due to Gauss.] 


~ ae 
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469. If two small magnets be at right angles to each other, the 
moment of rotation of the first is approximately twice as great ie 
the awis of the second passes through the centre of the first, as when 
the axis of the first passes through the centre of the second. 


In the first case el|B Le; 
therefore moment = Te Th 3ec,) = Tete 
In the second é, |B 1; 


therefore moment = ies. Hence the theorem, 


i 


470. Again, we may easily reproduce the results of § 467, if 
for the two small circuits we suppose two small magnets perpen- 
dicular to their planes to be substituted. £8 is then the vector 
joining the middle points of these magnets, and by changing the 
tensors we may take 2e and 2e, as the vector lengths of the 
magnets. 


Hence evidently the mutual effect 
U U U 
a m(B +e-«)- palB—€— &)+ pa (B—€+€,)— 7a (B + € + &), 
which is easily reducible to 
12 ; 5SBeSBe, , : 
— TR {2 (See, +) = e, SBe at ese} > 

as before, if smaller terms be omitted. 

If we operate with V.e, on the two first terms of the unreduced 
expression, and take the difference between this result and the 


same with the sign of e, changed, we have the whole vector axis of 
the couple on the magnet 2¢,, which is therefore, as before, seen to 


be proportional to 
STR 


ras (Vee cewcice 


TB 


471. Let F (y) be the potential of any system upon a unit 
particle at the extremity of y. Then we have 


Svdy = 0, 
where v is a vector normal giving the force in direction and 
magnitude (§ 148). 


362 QUATERNIONS. [472. 


Now by § 460 we have for the vector force exerted by a small 
plane closed circuit on a particle of free magnetism the expression 
A BySye 
Wess (« Ti ) 
merging in A the factors depending on the strength of the current 

and the strength of magnetism of the particle. 


Hence the potential is 


ao A i fr 5 (Sedy seyret | : 


Ty’ 
ASe 
«x Ty ? 
op tea of circuit projected perpendicular to v 


Ty’ é 
x spherical opening subtended by circuit. 


The constant is omitted in the integration, as the potential must 
evidently vanish for infinite values of 7'y. 

By means of Ampere’s idea of breaking up a finite circuit into 
an indefinite number of indefinitely small ones, it is evident that 
the above result may be at once ex- 
tended to the case of such a finite closed 


jane QL 
circult. 


Q 


t 


472.  Quaternions give a simple 
method of deducing the well-known 
property of the Magnetic Curves. 
Let A, A’ be two equal magnetic 
poles, whose vector distance, 2a, is bi- 4 O AS 
sected in O, QQ’ an indefinitely small 
magnet whose length is 2p’, where p=OP. ‘Then evidently, 
taking moments, 
Vipta)p _, Vip—a)p’ 
Tp a) pea 
where the upper or lower sign is to be taken according as the poles 
are like or unlike. 


[This equation may also be obtained at once by differentiating 


the equation of the equipotential surface, 
iu ce 1 
7 (p +a) ate Vi (sea) = const., 
and taking p’ parallel to its normal (§ 148).] 
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Operate by S. Vap, 
Sap’ (p + «)* — Sa (p +a) Sp’ (p +) 


T(p +a) -=+ {same with —a}, 
: Pp 
or S. aV ( . -) U(p+a)= + {same with —a}, 
Le. SadU (p + a) = + Sad U(p —a), 
Sa {U (p +a) ¥ U(p —a)} =const., 
or cos Z OAP + cos Z OA’P =const., 


the property referred to. 
If the poles be unequal, one of the terms to the left must be 


multiplied by the ratio of their strengths. 
(§§ 453—472, Quarterly Math. Journal, 1860.) 


F. General Expressions for the Action between Linear 
Elements. 


473. The following general investigation of different possible 
expressions for the mutual action between elements of linear 
conductors is taken from Proc. R. S. EH. 1873—4. 

Ampére’s data for closed currents are briefly given in § 454 
above, and are here referred to as I, II, ILI, IV, respectively. 

(a) First, let us investigate the expression for the force exerted 
by one element on another. 

Let a be the vector joining the elements a,, a’, of two circuits ; 
then, by I, II, the action of a, on a’ is linear in each of a,, a’, 
and may, therefore, be expressed as 

gal, 
where ¢ is a linear and vector function, into each of whose con- 
stituents a, enters linearly. 

The resolved part of this along a’ is 

S. Ua'da', 
and, by III, this must be a complete differential as regards the 
circuit of which a, is an element. Hence, 
da’ =—(S.a,V) pa’ + Va'ya,, 
where w and y are linear and vector functions whose constituents 
involve a only. That this is the case follows from the fact that 
ga’ is homogeneous and linear in each of a, a. It farther 
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" follows, from IV, that the part of da’ which does not disappear 
after integration round each of the closed circuits is of no dimen- 
sions in Ta, Ta’, Ta, Hence x is of —2 dimensions in 7a, and 


thus 
paSaa, ga, , rVaa, 


a =~ - p ’ 
x Tot To Toes 


where p, g, 7 are numbers. 


Hence we have 


= ,, pVaaSaa, ,qVaa, rV-4 Vaa, 
ga’ =—S(a,V) wa’ + is ype eae 


Change the sign of a in this, and interchange a’ and a,, and we 
get the action of a’ ona, This, with a’ and a, again interchanged, 
and the sign of the whole changed, should reproduce the original 
expression—since the effect depends on the relative, not the abso- 
lute, positions of a, a, a’. This gives at once, 
DO ea, 

and 
rV.a'Vaa, 

To? ? 
with the condition that the first term changes its sign with a, and 
thus that 


ga =— 8 (a,V) pal + 


va’ = aSaa’F (Ta) + oF (Ta), 
which, by change of F, may be written 
=a (a’V) f(Ta) + a’ F'( Ta), 
where f and Fare any scalar functions whatever. 
Hence 


gal =—S(a,V) [aS ('V) f (La) + oF (La)] + ee 


which is the general expression required. 


(b) The simplest possible form for the action of one current- 
element on another is, therefore, 
Pete 
Sep rVia Vices, 
Ta 
Here it is to be observed that Ampére’s directrice for the circuit 
a, 1S 
Vaa, 
=] Pes 
the integral extending round the circuit ; so that, finally, 


ga’ = —18a,V . Val, 


0 
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(c) We may obtain from the general expression above the 
absolutely symmetrical form, 
rV.a'aa, 
Pree 
if we assume 


- 
f(Ta)=const., F(Ta)= Ta 


Here the action of a on a, is parallel and equal to that of a, on a’, 
The forces, in fact, form a couple, for a is to be taken negatively 
for the second—and their common direction is the vector drawn 
to the corner a of a spherical triangle abc, whose sides ab, be, ca in 
order are bisected by the extremities of the vectors Ua’, Ua, Ua,. 
Compare Hamilton’s Lectures on Quaternions, §§ 223—227. 


e 


(d) To obtain Ampére’s form for the effect of one element on 
another write, in the general formula above, 


r 


f (La) = 7» FP (La) =0, 


and we have 


Ls aSaa’] V.a'Vaa, 
7 be =— Sav. | — Sis ere 
aSaa’ aSaa’  8aSaa’Saa, " Vinay ee, 
TE EY 1 NG iy (ae 


=} - (a? Saye _ : Saa' Sa, ; 
2a 
To 


which are the usual forms. 


(s . Vaa' Vaa, + 5 Sac’ Saa, ‘ 


(e) The remainder of the expression, containing the arbitrary 
terms, is of course still of the form 


—S (a,V) [aS (a’'V) f (La) + 0'F (Ta)]. 
In the ordinary notation this expresses a force whose com- 
af 
(1) Along a —-fr ade 


(Note that, in this expression, r is the distance between the 


ponents are proportional to 


elements.) 


dF 
(2) Parallel to a’ nh 
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(8) Parallel to a, = sh 
s 


If we assume f= F =—Q, we obtain the result given by Clerk- 
Maxwell (Hlectricity and Magnetism, § 525), which differs from the 
above only because he assumes that the force exerted by one 
element on another, when the first is parallel and the second per- 
pendicular to the line joining them, is equal to that exerted when 
the first is perpendicular and the second parallel to that line. 


(f) What precedes is, of course, only a particular case of the 
following interesting problem :— 


Required the most general expression for the mutual action of 
two rectilinear elements, each of which has dipolar symmetry wn the 
direction of its length, and which may be resolved and compounded 
according to the usual kinematical law. 


The data involved in this statement are equivalent to I and 
II of Ampére’s data above quoted. Hence, keeping the same 
notation as in (a) above, the force exerted by a, on a must be 
expressible as 

par 
where ¢ is a linear and vector function, whose constituents are 
linear and homogeneous in a,; and, besides, involve only a. 

By interchanging a, and a’, and changing the sign of a, we get 
the force exerted by a on a,. If in this we again interchange a, 
and a’, and change the sign of the whole, we must obviously repro- 
duce ga’. Hence we must have ga’ changing its sign with a, or 


fa’ = PaSa,a’ + QaSaa,Saa’ + Ra,Saa’ + Ra’ Saaz, 
where P, Q, R, R are functions of 7a only. 
(g) The vector couple exerted by a, on a’ must obviously be 


expressible in the form 
V.awa,, 
where a is a new linear and vector function depending on a alone. 
Hence its most general form is 
wa, = Pa, + QaSaa,, 
where P and Q are functions of 7a only. The form of these func- 
tions, whether in the expression for the force or for the couple, 


depends on the special data for each particular case. Symmetry 
shews that there is no term such as 


RVaa,. 
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(h) As an example, let a, and a’ be elements of solenoids or of 
uniformly and linearly magnetised wires, it is obvious that, as a 
closed solenoid or ring-magnet exerts no external action, 

gpa’ = — Sa,V . wa’. 
Thus we have introduced a different datum in place of Ampére’s 
No. III. But in the case of solenoids the Third Law of Newton 
holds—hence 

pa’ = Sa,VSa'V . ya, 


where y is a linear and vector function, and can therefore be of no 
other form than 
af (Ta). 


Now two solenoids, each extended to infinity in one direction, act 
on one another like two magnetic poles, so that (this being our 
equivalent for Ampére’s datum No, TV.) 


a 
A4=Pa- 
Xt =P ae 
Hence the vector force exerted by one small magnet on another is 


pSa,VSa’V 7 7 

(i) For the couple exerted by one element of a solenoid, or of 
a uniformly and longitudinally magnetised wire, on another, we 
have of course the expression 


V.a'aa,, 
where a is some linear and vector function. 


Here, in the first place, it is obvious that 
— Sa,V. F (Ta Ta)’ 


for the couple vanishes for a closed circuit of which a, is an 
element, and the integral of wa, must be a linear and vector 
function of a alone. It is easy to see that in this case 


F(Ta) (Ta) 


(j) If, again, a, be an element of a solenoid, and a’ an element 
of current, the force is 
da’ = — Sa,V . wa’, 
where 
wal = Po’ + QaSaa’ + RVaa’. 
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But no portion of a solenoid can produce a force on an element of 
current in the direction of the element, so that 


pa’ =V.a'ya,, 
whence P=0, Q=0; 
and we have ha’ = — Sa,V (RVaa’). : 


This must be of —1 linear dimensions when we integrate for the 
effect of one pole of a solenoid, so that 


Roe 

If the current be straight and infinite each way, its equation being 
a=6 + ay, 

where Ty =1 and SSy =0, 


we have, for the whole force exerted on it by the pole of a solenoid, 
the expression 


ne dz 
pBy | ema 
res (TB a a)* 
which agrees with known facts. 
(k) Similarly, for the couple produced by an element of a 
solenoid on an element of a current we have 


Va'aa,, 
where wa, = —Sa,V. a, 
and it is easily seen that 
ro 
VO Teg 


(l) In the case first treated, the couple exerted by one current- 
element on another is, by (9), 
V.a'oa,, 
where, of course, + wa, are the vector forces applied at either end 
of a’. Hence the work done when a’ changes its direction is 
—S8. da'aar,, 
with the condition S.a’da’ =0. 


So far, therefore, as change of direction of a’ alone is concerned 
the mutual potential energy of the two elements is of the form 


( 


S.a'oa,. 
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This gives, by the expression for # in (g), the following value 
PSa’a, + QSaa’ Saaz. 


Hence, integrating round the circuit of which a, is an element, we 
have (§ 495 below) 


J (PSa’a, + QSaa'Saa,) = [fds,S. Uv,V (Pa’ + QaSaa’), 
= [lds,S. Uv, (“ os a), 


= |/ds,S. Uv, Vaa'®, 
P'’ 
where o= Tat 0. 


Integrating this round the other circuit we have for the mutual 
potential energy of the two, so far as it depends on the expression 
above, the value 


ffds,S. Uv, [ Vaa'® 
=—ffds,S. Uv, fids’'V.. V (Uv'V) a® 


= fids. [[ds’ {s. Uv, Uv’ 2+ Tad’) + Sati Say, 7}. 


But, by Ampére’s result, that two closed circuits act on one another 
as two magnetic shells, it should be 


/ & J I 1 
[fds, [Jas'S. Uv.VS. WV 7 
, , 1 Y el 1 
= {fds [fds' (8. Uv, Uv! pea + 88a Ui! Sa0v, py). 


Comparing, we have 


72> =20+4+ Tad’ 
ie = Tad’ 
1 ae a 
giving rap) =_— Tee js rap) = Te . 
which are consistent with one another, and which lead to 
ioe 7 
Ta +@ Ta? 
Hence, if we put 
oer 
ee QnT a” 
lin 
we get PS mn Ta’ 


T. Q. I. 24 
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and the mutual potential of two elements is of the form 


Sa'a., Saa'Saa, 
(l ae n) “Ta + —7n) 7b ’ 


which is the expression employed by Helmholtz in his paper Ueber 
die Bewegungsgleichungen der Electricitat, Crelle, 1870, p. 76. 


G. Application of V to certain Physical Analogies. 


474, The chief elementary results into which V enters, in 
connection with displacements, are given in § 384 above. The 
following are direct applications. 

Thus, if o be the vector-displacement of that point of a homo- 
geneous elastic solid whose vector is p, we have, p being the 
consequent pressure produced, 

Vip sa 0 0 onacrace ep sere (1) 
whence SépV’c = — SépVp = Sp, a complete differential ...... (2). 
Also, generally, p=csVe, 


and if the solid be incompressible 


Thomson has shewn (Camb. and Dub. Math. Journal, ii. p. 62), 
that the forces produced by given distributions of matter, electricity, 
magnetism, or galvanic currents, can be represented at every point 
by displacements of such a solid producible by external forces. It 
may be useful to give his analysis, with some additions, in a 
quaternion form, to shew the insight gained by the simplicity of 
the present method. 


: : 1 ; 
A475. Thus, if Scdp =6 Tp? we may write each equal to 


This gives o=-V — 


the vector-force exerted by one particle of matter or free electricity 
on another. This value of o evidently satisfies (2) and (3). 


Again, if S.dépVo=6 Tp , either is equal to 


Va 
— 8. pV Tp! by (4) of § 146. 
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Here a particular case is 
_ Vap 
Tp" ) 
which is the vector-force exerted’ by an element a of a current upon 
a particle of magnetism at p. (§ 461.) 


476. Also, by § 146 (3), 


ek eo ies a 
Tt 8 7 5 5) 
p p 


and we see by §§ 460, 461 that this is the vector-force exerted by 
a small plane current at the origin (its plane being perpendicular 
to a) upon a magnetic particle, or pole of a solenoid, at p. This 
expression, being a pure vector, denotes an elementary rotation 
caused by the distortion of the solid, and it is evident that the 
above value of o satisfies the equations (2), (3), and the distortion 
is therefore producible by external forces. Thus the effect of an 
element of a current on a magnetic particle is expressed directly 
by the displacement, while that of a small closed current or 
magnet is represented by the vector-axis of the rotation caused by 
the displacement. 


Renin let = | SbeVic ae, 
fo) Tp 

It is evident that o satisfies (2), and that the right-hand side of 

the above equation may be written 


— 8. dpV pee 
Pp 
Hence a particular case is 
Vap 
Vir se To?’ 


and this satisfies (3) also. 

Hence the corresponding displacement is producible by external 
forces, and Va is the rotation axis of the element at p, and is seen 
as before to represent the vector-force exerted on a particle of 
magnetism at p by an element « of a current at the origin. 


478, It is interesting to observe that a particular value of o 
in this case is 


a= —1VSaUp — 7, 


as may easily be proved by substitution. 
24—2 
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S 
Again, if SSpc =—8 Tp 
S 
we have evidently oN, Ty : 
Now, as pap is the potential of a small magnet a, at the origin, 


if A 8 
on a particle ‘of free magnetism at p, o is the resultant magnetic 
force, and represents also a possible distortion of the elastic solid 
by external forces, since Vo=V’o=0, and thus (2) and (3) are 
both satisfied. (Proc, R. 8. #, 1862.) 


H. Elementary Properties of V. 


479, In the next succeeding sections we commence with a 
form of definition of the operator V somewhat different from that 
of Hamilton (§ 145), as we shall thus entirely avoid the use of 
Cartesian coordinates. For this purpose we write 


Sasa =. 0.. 


where @ is any unit-vector, the meaning of the right-hand operator 
(neglecting its sign) being the rate of change of the function to 
which tt is appled per unit of length in the direction of the 
vector a. If a be not a unit-vector we may treat it as a vector- 
velocity, and then the right-hand operator means the rate of 
change per unit of tume due to the change of position. 


Let a, 8, y be any rectangular system of unit-vectors, then by 
a fundamental quaternion transformation 


V =—aSaV — BSBV — ySyV =ad, + Bde + yd, 


which is identical with Hamilton’s form so often given above. 
(Lectures, § 620.) 


480. This mode of viewing the subject enables us to see at 
once that V is an Invariant, and that the effect of applying it to 
any scalar function of the position of a point is to give its vector of 
most rapid increase. Hence, when it is applied to a potential u, 
we have the corresponding vector-force. From a velocity-potential 
we obtain the velocity of the fluid element at p; and from the 
temperature of a conducting solid we obtain the temperature- 
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gradient in the direction of the flux of heat. F inally, whatever 
series of surfaces is represented by 


w=, 
the vector Vu is the normal at the point p, and its length is 


inversely as the normal distance at that point between two con- 
secutive surfaces of the series. 


Hence it is evident that 
S.dpVu=— du, 
or, as it may be written, 
—S.dpV =d; 
the left-hand member therefore expresses total differentiation in 
virtue of any arbitrary, but small, displacement dp. 


These results have been already given above, but they were 
not obtained in such a direct manner. 


Many very curious and useful transformations may easily be 
derived (see Ex. 34, Chap. XI.) from the assumption 


= ¢dp, or dGa=—NSaV.a, 


where the constituents of ¢ are known functions of p. For 
instance, if we write 


d i d iy Bs d 
aes ag "ae 
where a= ve + 9n + KF, 
we find at once Ved V5 Env. =o "V5 


a formula which contains the whole basis of the theory of the 
change of independent variables from a, y, z to €, , § or vice versd. 
The reader may easily develop this application. Its primary 
interest is, of course, purely mathematical:—but it has most 
important uses in applied mathematics. Our limits, however, 
do not permit us to reach the regions of its special physical 
usefulness. 


Vos 


481. To interpret the operator V.aV, let us apply it to a 
potential function wv. Then we easily see that w may be taken 
under the vector sign, and the expression 

V(aV) w= V.aVu 
denotes the vector-couple due to the force at p about a point whose 
relative vector is a. 
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Again, if o be any vector function of p, we have by ordinary 
quaternion operations 


V (aV).c =S.aVVo+ aSVo — VSae. 


The meaning of the third term (in which it is of course understood 
that V operates on o alone) is obvious from what precedes. The 
other terms were explained in § 384, 


J. Applications of V to Line-, Surface-, and Volume-Integrals. 


482. In what follows we have constantly to deal with integrals 
extended over a closed surface, compared with others taken through 
the space enclosed by such a surface; or with integrals over a 
limited surface, compared with others taken round its bounding 
curve. The notation employed is as follows. If @ per unit of 
length, of surface, or of volume, at the point p, @ being any 
quaternion, be the quantity to be summed, these sums will be 


denoted b 
nevi a ((Qds and {fjOds, 


when comparing integrals over a closed surface with others through 
the enclosed space; and by 


[IQds and JQTdp, 


when comparing integrals over an unclosed surface with others 
round its boundary. No ambiguity is likely to arise from the 


double use of 
S{[Qds, 


for its meaning in any case will be obvious from the integral with 
which it is compared. What follows is mainly from Trans. R. S. E. 
1869—70. See also Proc. R. 8. LH. 1862—83. 


483. We have shewn in § 384 that, if o be the vector displace- 
ment of a point originally situated at 
p=iwm+jyt+kz, 
then S.Vo 


expresses the increase of density of aggregation of the points of 
the system caused by the displacement. 


484. Suppose, now, space to be uniformly filled with points, 
and a closed surface = to be drawn, through which the points can 
freely move when displaced. 
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Then it is clear that the increase of number of points within 
the space &, caused by a displacement, may be obtained by either 
of two. processes—by taking account of the increase of density at 
all points within =, or by estimating the excess of those which 
pass inwards through the surface over those which pass outwards. 
These are the principles usually employed (for a mere element of 
volume) in forming the so-called ‘Equation of Continuity.’ 


Let v be the normal to = at the point p, drawn outwards, then 
we have at once (by equating the two different expressions of the 
same quantity above explained) the equation 

[[[S.Vads = f[S. cUvds, 
which is our fundamental equation so long as we deal with triple 
integrals. [It will be shewn later (§ 500) that the corresponding 
relation between the single and the double integral can be deduced 
directly from this.] 

As a first and very simple example of its use, let p be written 
for o. It becomes 

— 3 fffds = [[SpUvds, 
ie. the volume of any closed space is the sum of the elements of 
area of its surface, each multiplied by one-third of the perpendicular 
from the origin on its plane. 


485. Next, suppose o to represent the vector force exerted 
upon a unit particle at p (of ordinary matter, electricity, or 
magnetism) by any distribution of attracting matter, electricity, 
or magnetism partly outside, partly inside =. Then, if P be the 
potential at p, 

a=VP, 
and if r be the density of the attracting matter, &c., at p, 
Vo=V’P=4arr 
by Poisson’s extension of Laplace’s equation. 
Substituting in the fundamental equation, we have 


der [[frds = 4M = [JS VP Uvds, 


where M denotes the whole quantity of matter, &c., inside = 
This is a well-known theorem. 


486. Let P and P, be any scalar functions of p, we can of 
course find the distribution of matter, &., requisite to make either 
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of them the potential at p; for, if the necessary densities be r and 
r, respectively, we have as before 


VP=4arr, V’P,=4rr,. 


Now ViCPY Pile Bbw EN oe 
Hence, if in the formula of § 484 we put 
c= LYE 
we obtain 


[[/S. VPVP,ds =— [PVP ds + |[PS. VP, Uvds, 
= — f{[P,V°Pds + [JP,S.VPUvds, 


which are the common forms of Green’s Theorem. Sir W. Thomson’s 
extension of it follows at once from the same proof. 


487. If P, be a many-valued function, but VP, single-valued, 
and if & be a multiply-connected* space, the above expressions 
require a modification which was first shewn to be necessary by 
Helmholtz, and first supplied by Thomson. For simplicity, suppose 
> to be doubly-connected (as a ring or endless rod, whether knotted 
or not). Then if it be cut through by a surface s, it will become 
simply-connected, but the surface-integrals have to be increased 
by terms depending upon the portions just added to the whole 
surface. In the first form of Green’s Theorem, just given, the 
only term altered is the last: and it is obvious that if p, be the 
increase of P, after a complete circuit of the ring, the portion to be 
added to the right-hand side of the equation is 


p,S[/S.VP Uvds, 


taken over the cutting surface only. A similar modification is 
easily seen to be produced by each additional complexity in the 
space 2. 


488. The immediate consequences of Green’s theorem are 
well known, so that I take only a few examples. 


Let P and P, be the potentials of one and the same distribution 
of matter, and let none of it be within ©. Then we have 


Sf VP) ds =f[PS.VP Uvds, 


* Called by Helmholtz, after Riemann, mehrfach zusammenhiingend. In trans: 
lating Helmholtz’s paper (Phil. Mag. 1867) I used the above as an English 
equivalent. Sir W. Thomson in his great paper on Vortea Motion (Tansy Rx ow an 
1868) uses the expression ‘‘ multiply-continuous.” 
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so that if VP is zero all over the surface of &, it is zero all through 
the interior, i.e., the potential is constant inside 2. If P be the 
velocity-potential in the irrotational motion of an incompressible 
fluid, this equation shews that there can be no such motion of the 
fluid unless there is a normal motion at some part of the bounding 
surface, so long at least as } is simply-connected. 
Again, if = is an equipotential surface, 
SI(VP)? ds=PJ[S.V PUvds = P ff[V?Pds 

by the fundamental theorem. But there is by hypothesis no 
matter inside =, so this shews that the potential is constant 
throughout the interior. Thus there can be no equipotential 
surface, not including some of the attracting matter, within which 
the potential can change. Thus it cannot have a maximum or 
minimum value at points unoccupied by matter. 


489. Again, in an isotropic body whose thermal conductivity 
does not vary with temperature, the equation of heat-conduction is 


dy 
lime e U6 


where (for the moment) k and ¢ represent as usual the conductivity, 
and the water equivalent of unit volume. 


Vv=0, 


The surface condition (assuming Newton’s Law of Cooling) is 
kS. UvVv —hv=0. 


Assuming, after Fourier, that a particular integral is 


—mt 
=€E U, 


we have Van = 0, EG aaa. 
k k 
Let u,, be a particular integral of the first of these linear 
differential equations. Substitute it for win the second; and we 
obtain (with the aid of the equation of the bounding surface) a 
scalar equation giving the admissible values of m. 


Suppose the distribution of temperature when t=0 to be 
given ; it may be expressed linearly in terms of the various values 
of w,,, thus 

W = UWi=9 = Asa 


For if w,, u, be any two of these particular integrals, we have 
by Green’s Theorem, and the differential equations, 


h 
9 [ones -¥ fondo "E [frost font 
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Hence, unless m,=m,, we have 
[lfuuds =0. 
Thus we have A, Sffu,ds = {{fwu,,ds. 


A,, being thus found, we have generally 


y= A, 6 U,, 
490. If, in the fundamental theorem, we suppose 
CNT, 
which imposes the condition that 
SVc=0; 


Le., that the o displacement is effected without condensation, it 
becomes 
[[S. Vr Uvds = f[f[SV'rds = 0. 

Suppose any closed curve to be traced on the surface &, dividing 
it into two parts. This equation shews that the surface-integral is 
the same for both parts, the difference of sign being due to the 
fact that the normal is drawn in opposite directions on the two 
parts. Hence we see that, with the above limitation of the value 
of o, the double integral is the same for all surfaces bounded by a 
given closed curve. It must therefore be expressible by a single 
integral taken round the curve. The value of this integral will 
presently be determined (§ 495), 


491. The theorem of § 485 may be written 
S[[V’?Pds = [[SUvV Pds = ffS (U1V) Pads. 
From this we conclude at once that if 
c=aP+ 6P,+yP,, 

(which may, of course, represent any vector whatever) we have 

f[[ Mods = f[S (UvV) ods, 
or, if V's =7; 

[[frds = f[S (UvV7) rds. 

This gives us the means of representing, by a surface-integral, a 
vector-integral taken through a definite space. We have already 
seen how to do the same for a scalar-integral—so that we can now 


express in this way, subject, however, to an ambiguity presently 
to be mentioned, the general integral 


Slads, 
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where q is any quaternion whatever. It is evident that it is only 
in certain classes of cases that we can expect a perfectly definite 
expression of such a volume-integral in terms of a surface- -integral. 


492. In the above formula for a vector-integral there may 
present itself an ambiguity introduced by the inverse operation 


V7 
to which we must devote a few words. The assumption 
Vo=T 
is tantamount to saying that, if the constituents of o are the 


potentials of certain distributions of matter, &c., those of + are the 
corresponding densities each multiplied by 47. 


If, therefore, t be given throughout the space enclosed by &, 
o is given by this equation so far only as it depends upon the 
distribution within %, and must be completed by an arbitrary vector 
depending on three potentials of mutually independent distributions 
exterior to = 


But, if o be given, 7 is perfectly definite; and as 
Vo=V"7, 
the value of V™ is also completely defined. These remarks must 
be carefully attended to in using the theorem above: since they 
involve as particular cases of their application many curious 
theorems in Fluid Motion, &c. 


493. Asa very special case, the equation 
VVa=0 
of course gives Vo =u, a scalar. 
Now, if v be the potential of a distribution whose density is u, we 


have 
V?v = 4cru. 


We know that when w is assigned this equation gives one, and but 
one, definite value for ». We have in fact, by the definition of a 


potential, »-[]) i ‘de 
T(p—p,)’ 


where the integration (confined to w, and p,) extends to all space 
in which w differs from zero. 
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Thus there is no ambiguity in 


v=4rV~u, 
1 
and therefore o=— Vv 
4ar 


is also determinate. 


494, This shews the nature of the arbitrary term which must 
be introduced into the solution of the equation 


VVo iG 


To solve this equation is (§ 384) to find the displacement of any 
one of a group of points when the consequent rotation is given. 


Here SVra=6:VVVc=SVc=0: 
so that, omitting the arbitrary term (§ 493), we have 
Vo=V 7, 


and each constituent of o is, as above, determinate. Compare 
§ 503. 


Thomson* has put the solution in a form which may be written 
o =4/Vrdp+Vu, 


if we understand by {(. _) dp integrating the term in dw as if y 
and z were constants, &c. Bearing this in mind, we have as 
verification, 


ROT {Vr shee ap} 
Se aT: dt 
=i eu el 
4 [21 + x/F da + > fdpSe Tet 
= 4${87. + fdpSVr} =r. 
495. We now come to relations between the results of integra- 
tion extended over a non-closed surface and round its boundary. 


Let o be any vector function of the position of a point. The 
line-integral whose value we seek as a fundamental theorem is 


fSodr, 
where 7 is the vector of any point in a small closed curve, drawn 


from a point within it, and in its plane. 


* Hlectrostatics and Magnetism, § 521, or Phil. Trans., 1852. 
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Let o, be the value of o at the origin of 7, then 
c= ar —S8 (rV) o> 
so that SSodr = fS.{o,—S (rV) o,} dr. 
But fdr = 0, 
because the curve is closed ; and (anté, § 467) we have generally 
[StVSo,dr =48V (7 Sor — o, [Vrdr). 
Here the integrated part vanishes for a closed circuit, and 
4 [Vrdr = ds Up, 
where ds is the area of the small closed curve, and Uy is a unit- 
vector perpendicular to its plane. Hence 
[So,dt = 8.Va,Uv.ds. 
Now, any finite portion of a surface may be broken up into small 
elements such as we have just treated, and the sign only of the 
integral along each portion of a bounding curve is changed when 
we go round it in the opposite direction. Hence, just as Ampére 
did with electric currents, substituting for a finite closed circuit 
a network of an infinite number of infinitely small ones, in each 
contiguous pair of which the common boundary is described by 
equal currents in opposite directions, we have for a finite unclosed 
surface 


[Sodp =JfS.VaUv.ds. 
There is no difficulty in extending this result to cases in which 
the bounding curve consists of detached ovals, or possesses multiple 
points. 
This theorem seems to have been first given by Stokes (Smith’s 
Prize Exam. 1854), in the form 


J (ada + Bdy + ydz) 
= is {t(22 92) 4m (422), (840) 
= sjds\1 Caos +m(-> +n (Fe mA 
It solves the problem suggested by the result of § 490 above. It 
will be shewn, however, in a later section that the equation above, 
though apparently quite different from that of § 484, is merely a 
particular case of it. 
[If we recur to the case of an infinitely small area, it is clear 


that 
{[S.VoUvds 


V. UvV Vo=0, 


is a maximum when 
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Hence VVo is, at every point, perpendicular to a small area 


for which 
{Sadp 


is a maximum. | 


496. If o represent the vector force acting on a particle of 
matter at p, —S.odp represents the work done by it while the 
particle is displaced along dp, so that the single integral 


[Sodp 


of last section, taken with a negative sign, represents the work 
done during a complete cycle. When this integral vanishes it is 
evident that, if the path be divided into any two parts, the work 
spent during the particle’s motion through one part is equal to 
that gained in the other. Hence the system of forces must be 
conservative, i.e., must do the same amount of work for all paths 
having the same extremities. 


But the equivalent double integral must also vanish. Hence a 
conservative system is such that 


ffdsS.VoUv =0, 


whatever be the form of the finite portion of surface of which ds 
is an element. Hence, as Vo has a fixed value at each point of 
space, while Uy may be altered at will, we must have 


VVa=0, 
or Vo=scalar. 


If we call XY, Y, Z the component forces parallel to rectangular 
axes, this extremely simple equation is equivalent to the well- 
known conditions 


dX dV dY az _y daZ ax 

Gy @ de 2 dz dy ae a one 

Returning to the quaternion form, as far less complex, we see 
that 


= (0, 


Vo =scalar = 4arr, suppose, 
implies that. Gir Vie 
where P is a scalar such that 
WP = 4arr; 


that is, P is the potential of a distribution of matter, magnetism, 
or statical electricity, of volume-density r. 
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Hence, for a non-closed path, under conservative forces, 
— [S.odp =—fS.VPdp =— JS (dpV) P 
= fdyP =fdP=P,—P,, 
depending solely on the values of P at the extremities of the path. 


497. <A vector theorem, which is of great use, and which cor- 
responds to the scalar theorem of § 491, may easily be obtained. 
Thus, with the notation already employed, 


JV. odr=JV {c, —8 (rV) o,} dr, 
=—fS(1V) V.o,dr. 

Now V(V.VV.7dr) ¢,=—S8(tV)V.o,dr — 8 (drV) Vro,, 

and d{S(tV)Vo,r} = S(rV) Vier +S (drV) Vo,r. 
Subtracting, and omitting the term which is the same at both 
limits, we have 

JV. odr= — V.(VUDV) ods. 
Extended as above to any closed curve, this takes at once the form 


‘[V.cdp=—ffdsV. (VUvV) o. 


Of course, in many cases of the attempted representation of a 
quaternion surface-integral by another taken round its bounding 
curve, we are met by ambiguities as in the case of the space- 
integral, § 492: but their origin, both analytically and physically, 
is in general obvious. 


498. The following short investigation gives, in a complete 
form, the kernel of the whole of this part of the subject. But 
§§ 495—7 have still some interest of their own. 

If P be any scalar function of p, we have (by the process of 


§ 495, above) | 
[Pdr = |{P, —S(rV) P,} dr 


=—{S.rVP,. dr. 
But V.VV.tdr=drS.tV —7S.drv, 
and d(rtStV)=drS.tV +78. drvV. 


These give 
[Pdr = — } {r8tV — V.JV (dr) V} P, =dsV. UWP, 
Hence, for a closed curve of any form, we have 
[Pdp = ffdsV. UrVP, 
from which the theorems of §§ 495, 497 may easily be deduced. 
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~ 


Multiply into any constant vector, and we have, by adding 
three such results 


fdpo = ffdsV (WV) o. [See § 497.] 

Hence at once (by adding together the corresponding members 
of the two last equations, and putting 

a7) 
Jdpq = fds V (UV) g, 
where g is any quaternion whatever. 

[For the reason why we have no corresponding formula, with S 
instead of V in the right-hand member, see remark in [ ] in 
§ 505.] 

499. Commencing afresh with the fundamental integral 


[[[SVads = [[Soa Uvds, 


put o = UB, 

and we have {{[SBVuds = ffuSB Uvds ; 

from which at once — 9" |// Vdc = Ifa Urdsy once eee ee (ay) 
or TN rd sr== || Uv TOS. een cee eee (2), 


which gives 
[VV Votds = V f{UvVords = ff(r SUve — cS Up) ds. 


Equation (2) gives a remarkable expression for the surface of a 
space in terms of a volume-integral. For take 


7 Uy = UVR, 
where P = const. 
is the scalar equation of the closed bounding surface. Then 
— fds = [[Uv Uvds = [{[fV UV Pads. 
(Note that this implies 
S{{VV UVPds =0, 
which in itself is remarkable.) 
Thus the surface of an ellipsoid 
Spgp = C, 
is [IV Udpds, 


the integration being carried on throughout the enclosed space, 
(Compare § 485.) 
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Again, in (2), putting w,r for 7, and taking the scalar, we have 
Lf StVu, + uSVr) ds = ffu,S7Urds, 

whence LIS (7) & + oS8Vr} ds = ffoSt Uvds........... Da Gk 

The sum of (1) and (2) gives, for any quaternion, 

Sf{[Vads = f[Uv. qds. 

The final formulae in this, and in the preceding, section give 
expressions in terms of surface integrals for the volume, and the 
line, integrals of a quaternion. The latter is perfectly general, but 


(for a reason pointed out in § 492) the former is definite only when 
the quaternion has the form Vg. 


500. The fundamental form of the Volume and Surface 
Integral is (as in § 499 (1)) 
f[[Vuds = ffUvuds. 
Apply it to a space consisting of a very thin transverse slice of 
a cylinder. Let ¢ be the thickness of the slice, A the area of one 
end, and a a unit-vector perpendicular to the plane of the end. 
The above equation gives at once 


V (aV) u.tA =tfVaUr. udl, 


where d/ is the length of an element of the bounding curve of the 
section, and the only values of Uv left are parallel to the plane of 
the section and normal to the bounding curve. If we now put p 
as the vector of a point in that curve, it is plain that 


V.aUv = Udp, dl=Tdp, 
and the expression becomes 
V (aV) w..A = fudp. 
By juxtaposition of an infinite number of these infinitely small 
directed elements, a (now to be called Uv) being the normal vector 
of the area A (now to be called ds), we have at once 
{[V (Uv) uds = fudp, 
which is the fundamental form of the Surface and Line Integral, 
as given in § 498. Hence, as stated in § 484, these relations are 
not independent. 
In fact, as the first of these expressions can be derived at once 


from the ordinary equation of “continuity,” so the second is merely 
the particular case corresponding to displacements confined to a 


east. 25 
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given surface. It is left to the student to obtain it, simply and 
directly, (in the form of § 495) from this consideration. 


[Note. A remark of some importance must be made here. It 
may be asked :—Why not adopt for the proof of the fundamental 
theorems of the present subject the obvious Newtonian process (as 
applied, for instance, in Thomson and Tait’s Natural Philosophy, 
§ 194, or in Clerk-Maxwell’s Electricity, § 591) ? 


The reply is that, while one great object of the present work is 
(as far as possible) to banish artifice, and to shew the “perfect 
naturalness of Quaternions,” the chief merit of the beautiful 
process alluded to is that it forms one of the most intensely 
artificial applications of an essentially artificial system. Cartesian 
and Semi-Cartesian methods may be compared to a primitive 
telegraphic code, in which the different signals are assigned to 
the various letters at hap-hazard; Quaternions to the natural 
system, in which the simplest signals are reserved for the most 
frequently recurring letters. In the former system some one word, 
or even sentence, may occasionally be more simply expressed than 
in the latter:—though there can be no doubt as to which system 
is to be preferred. But, even were it not so, the methods we have 
adopted in the present case give a truly marvellous insight into 
the real meaning and “inner nature” of the formulae obtained.] 


501. As another example of the important results derived 
from the simple formulae of § 499, take the following, viz.:— 


S[V.V (Uv) rds = ffoS7 Uvds — [[UvSerds, 


where by (8) and (1) of that section we see that the right-hand 
member may be written 


=[[[{S(tV)o +oS8Vr — VSat} ds 
=—i(((ViV Volirdgets. ant tee eee (4). 


In this expression the student must remark that V operates on + 
as well as on o. Had it operated on + alone, we should have 
inverted the order of V and o, and changed the sign of the whole ; 
or we might have had recourse to the notation of the end of § 133. 


This, and similar formulae, are easily applied to find the 
potential and the vector-force due to various distributions of 
magnetism. To shew how they are to be introduced, we briefly 
sketch the mode of expressing the potential of a distribution. 
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K. Application of the V Integrals to Magnetic &c. Problems. 


502. Let o be the vector expressing the direction and intensity 
of magnetisation, per unit of volume, at the element ds. Then if 
the magnet be placed in a field of magnetic force whose potential 
is u, we have for its potential energy 

E=— f[[/ScVuds 
= ff{fuSVods —ff[SV (uc) ds 
= ff{fuSVads —f[fuSoUvds. 
This shews at once that the magnetism may be resolved into a 
volume-density SV, and a surface-density — SoUv. Hence, for 
a solenoidal distribution, 
SVo =0. 

What Thomson has called a lamellar distribution (Phil. Trans. 

1852), obviously requires that 


Sodp 
be integrable without a factor; Le., that 
VVc=0. 


_ A complex lamellar distribution requires that the same expression 
_ be integrable by the aid of a factor. If this be wu, we have at once 
VV (uc) = 0, 

or S.cVo=0. 
But we easily see that (4) of § 501 may be written 
—f[V. (Vo Uv) tds = — ff[fV.7rV Vods — fffV. oVrds + f{fSoV . rds. 


Now, if r=V(2), 


where r is the distance between any external point and the element 
ds, the last term on the right is the vector-force exerted by the 
magnet on a unit-pole placed at the point. The second term on 
the right vanishes by Laplace’s equation, and the first vanishes as 
above if the distribution of magnetism be lamellar, thus giving 
Thomson’s result in the form of a surface integral. 


503. As another instance, let a be the vector of magnetic 
induction, 8 the vector potential, at any point. Then we know, 


hysically, that 
Steed [SBdp = [JSUva. ds. 
252 
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But, by the theorem of § 496, we have 
[SBdp = f[S. UrV Bas. 
Since the boundary and the enclosed surface may be any what- 
ever, we must have 


a=VVB; 
and, as a consequence, 
SVa=0. 
Hence VB =a+u, 


B=V'a+Vu4+Voq, 
where g is a quaternion satisfying the equations 
V'g=0, SVq=0. 


To interpret the other terms, let 


Vow, 
so that BNo =0); 
and Oo Vo 
where v is a scalar such that 

Vv =u. 


Thus v is the potential of a distribution w/47r, and can there- 
fore be found without ambiguity when w is given. And of course 


Vtu=Vv 
is also found without ambiguity. 
Again, as oVa— 0, 
we have Va=y, suppose. 


Hence, for any assumed value of y, we have 
Va = Vy, 
so that this term of the above value of 8 is also found without 
ambiguity. 
The auxiliary quaternion ¢ depends upon potentials of arbitrary 


distributions wholly outside the space to which the investigation 
may be limited. [Compare this section with § 494.] 


504, An application may be made of similar transformations 
to Ampére’s Directrice de Vaction électrodynamique, which, § 458 
above, is the vector-integral 
Vpdp 
Shee 
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where dp is an element of a closed circuit, and the integration 
extends round the circuit. This may be written 


-[Vapv = 


so that its value as a surface integral is 


I[s (UvV) V ds — [[ Uv as. 
r r 


Of this the last term vanishes, unless the origin is in, or infinitely 
near to, the surface over which the double integration extends. 
The value of the first term is seen (by what precedes) to be the 
vector-force due to uniform normal magnetisation of the same 
surface. Thus we see the reason why the Directrice can be 
expressed in terms of the spherical opening of the circuit, as in 


§§ 459, 471. 


505. The following result is obviously but one of an extensive 
class of useful transformations. Since 


2 


VUp=— 7, 


we obtain at once from § 484 


ds 
= 2 ff [p= |[8Up unas, 


a curious expression for the gravitation potential of a homogeneous 
body in terms of a surface-integral. 


[The right-hand member may be written as 
[[SUWW Tpds ; 


and an examination into its nature shews us why we ought not to 
expect to have a general expression for 


.  ff/SUvPds 


in terms of a line-integral. It will be excellent practice for the 
student to make this examination himself. Of course, a more 
general method presents itself in finding the volume-integral 
which is equivalent to the last written surface-integral extended 
to the surface of a closed space. ] 

From this, by differentiation with respect to a, after putting 
p+a for p, or by expanding in ascending powers of Ta (both of 
which tacitly assume that the origin is external to the space 
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integrated through, ie, that Tp nowhere vanishes within the 
limits), we have 


[{ See = es UpV.UvUp a [aes 
~2/{{F, | Tp ie thes 


and this, again, involves 


i [=r ee =| [x SUvUpds. 


506. The interpretation of these, and of more complex formulae 
of a similar kind, leads to many curious theorems in attraction and 
in potentials. Thus, from (1) of § 499, we have 


[ne -[[[aee=| TF Bowens) 


which gives the attraction of a mass of density t in terms of the 
potentials of volume distributions and surface distributions. Putting 


o =1t, + jt, + Mt,, 
this becomes 


[ae- {4 Up. co =i Uv. ods 
/ =|| aR! i 


By putting «=p, and taking the scalar, we recover a formula 
given above; and by taking the vector we have 


V [fUvUpds = 0. 
This may be easily verified from the formula 
[Pdp = V {[fUv .VPads, 
by remembering that VTp = Up. 


Again if, in the fundamental integral, we put 


o =tUp, 


won eee Las Has—2 {|= [[esuUpas. 


[It is curious ae closely, in fact to a numerical factor of one 
term pres, this equation resembles what we should get by operating 


on (1) by S.p, and supposing that we could put p under the signs 
of integration. ] 
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L. Application of V to the Stress-Function. 


507. As another application, let us consider briefly the Stress- 
Junction in an elastic solid. 


At any point of a strained body let X be the vector stress per 
unit of area perpendicular to 7, « and y the same for planes per- 
pendicular to j and k respectively. 


Then, by considering an indefinitely small tetrahedron, we 
have for the stress per unit of area perpendicular to a unit-vector 
w the expression 

ASio + uSjo + vSkw =— do, 
so that the stress across any plane is represented by a linear and 
vector function of the unit normal to the plane. 


But if we consider the equilibrium, as regards rotation, of an 
infinitely small parallelepiped whose edges are parallel to 7, j, k 
respectively, we have (supposing there are no molecular couples) 


V(r~+ju + kv) = 0, 


or > Vidi = 0, 
or, supposing V to apply to p alone, 
V.V¢dp = 0. 


This shews (§ 185) that in the present case ¢ is self-conjugate, and 
thus involves not nine distinct constants but only six. 


508. Consider next the equilibrium, as regards translation, of 
any portion of the solid filling a simply-connected closed space. 
Let w be the potential of the external forces. Then the condition 
is obviously 

S[ (Uv) ds + fffdsVu = 0, 
where v is the normal vector of the element of surface ds. Here 
the double integral extends over the whole boundary of the closed 
space, and the triple integral throughout the whole interior. 


To reduce this to a form to which the method of § 485 is 
directly applicable, operate by S.a where a is any constant vector 
whatever, and we have 


[[S. baUvds + ffjdsSaVu = 0 
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by taking advantage of the self-conjugateness of ¢. This may be 
written (by transforming the surface-integral into a volume- 
integral) 

[[[ds(S.VdatS.aVu) =0, 
and, as the limits of integration may be any whatever, 

S. Vda + SaVu =0 ...cccccceresescerenes (1). 

This is the required equation, the indeterminateness of a rendering 
it equivalent to three scalar conditions. 

There are various modes of expressing this without the a. 
Thus, if A be used for V when the constituents of ¢ are considered, 
we may write 

Vir Vv Aro: 


It is easy to see that the right-hand member may be put in 
either of the equivalent forms 


VS.Adp or S.AAV.p. 
In integrating this expression through a given space, we must 
remark that V and p are merely temporary symbols of construction, 
and therefore are not to be looked on as variables in the integral. 


Instead of transforming the surface-integral, we might have 
begun by transforming the volume-integral. Thus the first equa- 
tion of this section gives 


Sf (¢ + u) Uvds = 0. 
From this we have at once 
[[S. Uv (6 + u) ads = 0. 
Thus, by the result of § 490, whatever be a we have 
S.V(d6+u)a=0, 
which is the condition obtained by the former process. 


As a verification, it may perhaps be well to shew that from this 
equation we can get the condition of equilibrium, as regards 
rotation, of a simply-connected portion of the body, which can be ° 
written by inspection as 


S[V.. pp (Uv) ds + f[fVpVuds = 0. 
This is easily done as follows: (1) gives 
S.Vdo + ScVu = 0, 
if, and only if, o satisfy the condition 


S.¢(V)o=0. 
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Now this condition is satisfied by 
a = Vap 
where a is any constant vector. For 
S.6(V) Vap =—S.aVob(V) p=S.aVV,dp, =0, 

im consequence of the self-conjugateness of ¢. Hence 

Sfds (S.V¢Vap +8. apVu) =0, 
or [fdsS . ap Uv + fifdsS . apVu = 0. 
Multiplying by a, and adding the results obtained by making @ in 


succession each of three rectangular vectors, we obtain the required 
equation. 


509. To find the stress-function in terms of the displacement at 
each point of an isotropic solid, when the resulting strain is small, 
we may conveniently apply the approximate method of § 384. As 
the displacement is supposed to be continuous, the strain in the 
immediate neighbourhood of any point may be treated as homo- 
geneous. Thus, round each point, there is one series of rectangular 
parallelepipeds, each of which remains rectangular after the strain. 
Let a, B, y; a, 8, 7,3; be unit vectors parallel to their edges 
before, and after, the strain respectively; and let e,, €,, e, be the 
elongations of unit edges parallel to these lines. We shall not 
have occasion to determine these quantities, as they will be 
eliminated after having served to form the requisite equations. 


Since the solid is isotropic and homogeneous, the stress is 
perpendicular to each face in the strained parallelepipeds; and 
its amount (per unit area) can be expressed as 

P= Di FG — Fit) Bi, COC. ti nscnuevassnenenss ee 
where n and ¢ are, respectively, the rigidity and the resistance to 
compression. 

Next, as in § 384, let « be the displacement at p. The strain- 


function is 
po =a —NSaV.a 


so that at once 
eR Osho F ov kane nt ik ts a tken an ae (2), 


and, if g ( )q™ be the operator which turns a into a,, &., we 


have 
gage = GthV.V (Va) ae ..cceeeceeeceeeess (3). 
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Thus, if ¢ be the stress-function, we have (as in § 507) 


ho = — DY. PraSajw.....sseerereeceeecenes (4). 
But Yo = — y.(1+2e,) a,Sao, 
so that — Wo =—>.(1 +¢,) aSa,o, 
and qwog?=—-%.(1 +2¢,) 48a, 5 ee (5). 


By the help of (1), (2), and (5), (4) becomes 
dw = 2ng'wg' — 2nw — (c — 3n) oSVo ; 
and, to the degree of approximation employed, (8) shews that this 
may be written 
go =—n(SoV. o + VSwo) — (¢— 3n) oSVo......... (6), 

which is the required expression, the function ¢ being obviously 
self-conjugate. 

As an example of its use, suppose the strain to be a uniform 


dilatation. Here 
c=€p, 


and go = 2new + 3 (¢ — 3n) ew = 3ce0 ; 

denoting traction 8ce, uniform in all directions. If e be negative, 
there is uniform condensation, and the stress is simply hydrostatic 
pressure, 


Again, let o = — eaSap, 


which denotes uniform extension in one direction, unaccompanied 
by transversal displacement. We have (a being a unit vector) 


gw = — 2neaSwa + (c — 2n) ew. 
Thus along a there is traction 
(c+ 4nje, 
but in all directions perpendicular to a there is also traction 


(c—3n)e. 
Finally, take the displacement 
o = —eaSBp. 


It gives po =—ne (aSwB + BSaa) —(c — 2n) ewSaB. 
This displacement gives a simple shear if the unit vectors a and 
are at right angles to one another, and then 


go = — ne (aSa8 + BSwa), 


which agrees with the well-known results. In particular, it shews 
that the stress is wholly tangential on planes perpendicular either 
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to a or to 8; and wholly normal on planes equally inclined to them 
and perpendicular to their plane. The symmetry shews that the 
stress will not be affected by interchange of the unit vectors, 
a and £, in the expression for the displacement. 


510. The work done by the stress on any simply connected 
portion of the solid is obviously 
W=4//S.¢ (Up) cds, 
because ¢ (Uy) is the vector force overcome per unit of area on 
the element ds. [The displacement at any moment may be written 
wo; and, as the stress is always proportional to the strain, the 
factor ada has to be integrated from 0 to 1.] This is easily trans- 


formed to 
W=AfffS.Vdeds. 


511. We may easily obtain the general expression for the 
work corresponding to a strain in any elastic solid. The physical 
principles on which we proceed are those explained in Appendia 
C to Thomson and Tait’s Natural Philosophy. The mode in 
which they are introduced, however, is entirely different; and a 
comparison will shew the superiority of the Quaternion notation, 
alike in compactness and in intelligibility and suggestiveness. 

If the strain, due to the displacement a, viz. 

wr=t—StV.c 
be a mere rotation, in which case of course no work is stored up 
by the stress, we have at once 

S. wor = Sor 
for all values of w andr. We may write this as 

S.0 (Wp —1)7r=Soyr =0, 
where x is (§ 380) a self-conjugate linear and vector function, whose 
complete value is 
XT =— StV .¢—VSto0 + V,SrVSoo,. 


The last term of this may, in many cases, be neglected. 


When the strain is very small, the work (per unit volume) 
must thus obviously be a homogeneous function, of the second 
degree, of the various independent values of the expression 


SwyrT. 
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On account of the self-conjugateness of y there are but sw 

such values :—viz. 
Sixt, Sixyz, Sixk, Sig, S7xh, Skyk. 

Their homogeneous products of the second degree are therefore 
twenty-one in number, and this is the number of elastic coefficients 
which must appear in the general expression for the work. In 
the most general form of the problem these coefficients are to be 
regarded as given functions of p. 

At and near any one point of the body, however, we may take 
i, j, k as the chief vectors of y at that point, and then the work 
for a small element is expressible in terms of the six homogeneous 
products, of the second degree, of the three quantities 

Sixt, Sjxj, Skyk. 

This statement will of course extend to a portion of the body of 
any size if (whether isotropic or not) it be homogeneous and 
homogeneously strained. From this follow at once all the 
elementary properties of homogeneous stress. 


M. The Hydrokinetic Equations. 


512. As another application, let us form the hydrokinetic 
equations, on the hypothesis that a perfect fluid is not a molecular 
assemblage but a continuous medium. 


Let o be the vector-velocity of a very small part of the fluid at 
p; é the density there, taken to be a function of the pressure, p, 
alone; ie. supposing that the fluid is homogeneous when the 
pressure is the same throughout; P the potential energy of unit 
mass at the point p. 

The equation of “continuity” is to be found by expressing the 
fact that the increase of mass in a small fixed space is equal 
to the excess of the fluid which has entered over that which 
has escaped. If we take the volume of this space as unit, the 
condition is 


d 
7 =[J[SUv (er) ds = SV (60) .secccccer csseeeeees (1). 
We may put this, if we please, in the form 
de _d 
Ft dp SOV «= SV sted oe ac ceene (2), 


where 0 expresses total differentiation, or, in other words, that we 
follow a definite portion of the fluid in its motion, 
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The expression might at once have been written in the form 
(2) from the comparison of the results of two different methods of 
representing the rate of increase of density of a small portion of 
the fluid as it moves along. Both forms reduce to 


SVo=0, 
when there is no change of density (§ 384). 


Similarly, for the rate of increase of the whole momentum 
within the fixed unit space, we have 


d(e 
(62) _ —eVP—Vp+f[SUve .ecds; 
where the meanings of the first two terms are obvious, and the 
third is the excess of momentum of the fluid which enters, over 
that of the fluid which leaves, the unit space. 


The value of the double integral is, by § 499 (3), 


de 


ao SV (ec) + eSoV .c = a7, + eScV .o, by (1). 
Thus we have, for the equation of motion, 

da  _da 

~ =e ——eSoV.c =—-eVP—Vp; 

ag = 8 ae eSoV .a eVP—Vp; 

or, finally : 

ar ee pv. 
aa v(P+{) Sw as: (3). 


This, in its turn, might have been even more easily obtained by 
dealing with a small definite portion of the fluid. 

It is necessary to observe that in what precedes we have 
tacitly assumed that o is continuous throughout the part of the 
fluid to which the investigation applies :—ie. that there is neither 
rupture nor finite sliding. 


513. There are many ways of dealing with the equation (3) 
of fluid motion. We select a few of those which, while of historic 
interest, best illustrate quaternion methods. 


We may write (3) as 


do 
ed Re =—VQ. 
di SaV.ca Q 


Now we have always 
V.cVVo =SoV .¢ —V,So,0 = SoV .o — 3V.0°. 
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Hence, if the motion be irrotational, so that (§ 384) 
VV ic = 0" 
the equation becomes 
do 


& -4V.a8=- VQ. 


But, if w be the velocity-potential, 

CV ie 
and we obtain (by substituting this in the first term, and operating 
on the whole by S.dp) the common form 


Chie ne Na 


where 4° (=— 40”) is the kinetic energy of unit mass of the fluid. 


If the fluid be incompressible, we have Laplace’s equation 
for w, Viz. 
V'w=SVc=0. 
When there is no velocity-potential, we may adopt Helmholtz’ 
method. But first note the following quaternion transformation 
(Proc. R. S. LH, 1869—70) 


0 @ 
ay Va-V ayo 
[The expression on the right has many remarkable forms, the 
finding of which we leave, as an exercise, to the student. For our 


present purpose it is sufficient to know that its vector part is 
-8.V,¢,V.¢+ VVo.S8Vo.] 
This premised, operate on (3) by V.V, and we have 


=V_Soa,V .o. 


Oo 
VV Ot == 0. 
Hence at once, if the fluid be compressible, 


e VVco=-S.V,¢,V.¢+ VVo.SVo=V.VV. oVV,c.. 


But if the fluid be incompressible 
0 
at VVc=-S.V,c,V.c. 


Hither form shews that when the vector-rotation vanishes, its 
rate of change also vanishes. In other words, those elements of 
the fluid, which were originally devoid of rotation, remain so during 
the motion. 
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Thomson’s mode of dealing with (3) is to introduce the 
integral 


feos i ; Sirlaeantad Seva atien (5) 


which he calls the “flow” along the are from the point a to the 
point p; these being points which move with the fluid. 


Operating on (3) with S.dp, we have as above 
© Sodp —Sodc = dQ; 


so that, integrating along any definite line in the fluid from a to 
p, we have 


which gives the rate at which the flow along that line increases, as 
it swims along with the fluid. 

If we integrate round a closed curve, the value of 0f/0t vanishes, 
because Q is essentially a single-valued function. In this case the 
quantity f is called the “circulation,” and the result is stated in 
the form that the circulation round any definite path in the fluid 
retains a constant value. 

Since the circulation is expressed by the complete integral 

—f Scdp 
it can also be expressed by the corresponding double integral 
—|[S. UrVeds, 
so that it is only when there is at least one vortex-filament passing 
through the closed circuit that the circulation can have a finite 
value. 


N. Use of V in connection with Taylor's Theorem. 


514. Since the algebraic operator 


d 
edz, 


when applied to any function of «, simply changes « into w + h, it 
is obvious that if o be a vector not acted on by 
ad .a d 


Sa A aerrt 


we have e Sev f (p)=f(p +), 
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whatever function f may be. From this it is easy to. deduce 
Taylor’s theorem in one important quaternion form. 


If A bear to the constituents of o the same relation as V bears 
to those of p, and if f and F' be any two functions which satisfy 
the commutative law in multiplication, this theorem takes the 
curious form 


e~ SAV F(p) F(a) =f(p + A) P(o)=F (o + V) fp); 


of which a particular case is (in Cartesian symbols) 


edi f (a) F(y) =f( + a) FY) — Fly é 5) F(a). 


The modifications which the general expression undergoes, when 
jf and F are not commutative, are easily seen. 


If one of these be an inverse function, such as, for instance, 
may occur in the solution of a linear differential equation, these 
theorems of course do not give the arbitrary part of the integral, 
but they often materially aid in the determination of the rest. 


One of the chief uses of operators such as SaV, and various 
scalar functions of them, is to derive from 1/7'p the various orders 
of Spherical Harmonics. This, however, is a very simple matter. 


515. But there are among them results which appear startling 
from the excessively free use made of the separation of symbols. 
Of these one is quite sufficient to shew their general nature. 


Let P be any scalar function of p. It is required to find the 
difference between the value of P at p, and its mean value 
throughout a very small sphere, of radius 7 and volume », which has 
the extremity of p as centre. This, of course, can be answered at 
once from the formula of § 485. But the somewhat prolix method 
we are going to adopt is given for its own sake as a singular piece 
of analysis, not for the sake of the problem. 


From what is said above, it is easy to see that we have the 
following expression for the required result :— 


: i i | (e-Sev — 1) Pds, 


where o@ is the vector joining the centre of the sphere with the 
element of volume ds, and the integration (which relates to o 
and ds alone) extends through the whole volume of the sphere. 
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pronane the exponential, we may write this expression in the 
orm 


" eal {so¥ —} (SoV)"+ | Pas 


= = 7 8.9P|[fod+ > | ff (SoV)? Pds— &e, 


higher terms being omitted on account of the smallness of r, the 
limit of J'c. 


Now, symmetry shews at once that 
[[lads = 0. 
Also, whatever constant vector be denoted by a, 
Sif Sac)? ds =— a? f{f (Sa Ua)* ds. 


Since the integration extends throughout a sphere, it is obvious 
that the integral on the right is half of what we may call the 
moment of inertia of the volume about a diameter. Hence 


If we now write V for a, as the integration does not refer to V, 
we have by the foregoing results (neglecting higher powers of 1) 


1 r 
- So = V2 
ff v—1)Pds= 10 Ve 


which is the expression given by Clerk-Maxwell*. Although, for 
simplicity, P has here been supposed a scalar, it is obvious that in 
the result above it may at once be written as a quaternion. 


516. As another illustration, let us apply this process to the 
finding of the potential of a surface-distribution. If p be the 
vector of the element ds, where the surface density is /p, the 


potential at o is 
[ldsfp . FT (p 0), 
F being the potential function, which may have any form whatever. 
By the preceding, § 514, this may be transformed into 
Sfdsfp . 9 FTp; 


or, far more conveniently for the integration, into 


Sfdsfp . 4 FTo, 


* London Math. Soc, Proc., vol, iii, no, 34, 1871. 
Ne 26 
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where A depends on the constituents of o in the same manner as 
V depends on those of p. 


A still farther simplification may be introduced by using a 
vector o,, which is finally to be made zero, along with its corre- 
sponding operator A,, for the above expression then becomes 


f{dseSe A-40) fo FT, 


where p appears in a comparatively manageable form. It is obvious 
that, so far, our formulae might be made applicable to any dis- 
tribution. We now restrict them to a superficial one. 


517. Integration of this last form can always be easily effected 
in the case of a surface of revolution, the origin being a point in 
the axis. For the expression, so far as the integration is concerned, 
can in that case be exhibited as a single integral 


q 
| Cure ee. 
Pp 


where F may be any scalar function, and # depends on the cosine of 
the inclination of p to the axis. And 
q qa _ gpa 
daFar ete =F (5) SOS 
5 da a 
As the interpretation of the general results is a little trouble- 
some, let us take the case of a spherical shell, the origin being the 
centre and the density unity, which, while simple, sufficiently 
illustrates the proposed mode of treating the subject. 


We easily see that in the above simple case, a being any 
constant vector whatever, and a being the radius of the sphere, 


{fds <8» = Ira | i 


a 2Qrra 
eTa, SS flO SOHNE 
& da Ta (e eno) 

Now, it appears that we are at liberty to treat A as a has just 
been treated. It is necessary, therefore, to find the effects of such 
operators as 7A, e474, &c., which seem to be novel, upon a scalar 
function of To ; or ©, as we may for the present call it. 


Now (TAY F=—A°F = B+ a 
whence it is easy to guess at a particular form of 7A. To make 
sure that it is the only one, assume 


d 
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where f and f are scalar functions of @ to be found. This gives 
1 
TAY F=(f— 
(TAY F (faq, +£) +£F) 


= fF" +(ff’ + £f+ ff) F’ + (fe 4 £) PF. 


Comparing, we have 


f= 1, 
Peeairn =: 
G’ 
ff’ +f? =0. 
From the first, f= 41, 
whence the second gives f=+ ‘i : 
the signs of f and f being alike. The third is satisfied identically. 
: d ‘| 
That is, finall = ie 
at is, finally, +TA qt: 


Also, an easy induction shews that 


+137 =(ia) + (i) 


Hence we have at once 


ae tts (et +g) ee ee (se) +7 (aan) | aa 


by the help of which we easily arrive at the well-known results. 
This we leave to the student*. 


O. Applications of V in connection with Calculus of Variations. 


518. We conclude with a few elementary examples of the use 
of V in connection with the Calculus of Variations. These depend, 
for the most part, on the simple relation 


dQ = — SdpV. Q. 
Let us first consider the expression 
A=fQTdp, 


where Zdp is an element of a finite are along which the inte- 
gration extends, and the quaternion Q is a function of p, generally 
a scalar. 


* Proc, R. S, E., 1871-2. ; 
26—2 
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To shew the nature of the enquiry, note that if Q be the 
speed of a unit particle, A will be what is called the Acton. If 
Q be the potential energy per unit length of a chain, A is the 
total potential energy. Such quantities are known to assume 
minimum, or at least “stationary”, values in, various physical 
processes, 

We have for the variation of the above quantity 

dA =f (6QTdp + QSTdp) 
=f (8QTdp — QS. Udpdép) 
=~ [QSUdp8p] + [ 18QTdp +S. 3pd (QUap)}, 
where the portion in square brackets refers to the limits only, and 
gives the terminal conditions. The remaining portion may easily 
be put in the form 
Sf 8p {d (QUdp) — VQ. Tap}. 

If the curve is to be determined by the condition that the varia- 
tion of A shall vanish, we must have, as 59 may have any direction, 
d (QUdp) —VQ. Tdp = 0, 

or, with the notation of Chap. X, 


Cay = 
ds (eP? —VQ=0. 
This simple equation shews that (when Q is a scalar) 


(1) The osculating plane of the sought curve contains the 
vector VQ. 


(2) The curvature at any point is inversely as Q, and directly 
as the component of VQ parallel to the radius of absolute curvature. 


519. As a first application, suppose A to represent the Action 
of a unit particle moving freely under a system of forces which 
have a potential; so that 


Q=7%, 
and p =2(P—- 4H), 
where P is the potential, H the energy-constant. 

These give TpVT p= QOVQ= = VP; 
and Op’ =p, 


so that the equation above becomes simply 


p+rVP=0, 
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which is obviously the ordinary equation of motion of a free 
particle. | 


520. If we look to the superior limit only, the first expression 
for 6A becomes in the present case 
— [TpSUdpsp] = — Sp8p. 
If we suppose a variation of the constant H, we get the following 
term from the unintegrated part 
toH. 


Hence we have at once Hamilton’s equations of Varying Action in 
the forms 


VA=p 
and = = t. 


The first of these gives, by the help of the condition above, 
(VA)?=2(P— #), 
the well-known partial differential equation of the first order and 
second degree. 


521. To shew that, if A be any solution whatever of this 
equation, the vector VA represents the velocity in a free path 
capable of being described under the action of the given system of 
forces, we have 


d 5 =p=-VP =-39(V4y 


dt 
=—S(VA.V)V4A. 
But @ yA =— 8 (pV) VA. 
A comparison shews at once that the equality 
VA=)p 


is consistent with each of these vector equations. 
522, Again, if 0 refer to the constants only, 
10(VA)*=S.VAOVA =—0H 


by the differential equation. 


0A 
But we have also aH a 


cohen gives ¢ @A) =_ §(pv)04 =H. 
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These two expressions for 0H again agree in giving 

VA=6, 
and thus shew that the differeftial coefficients of A with regard to 
the two constants of integration must, themselves, be constants. 


We thus have the equations of two surfaces whose intersection 
determines the path. 


523. Let us suppose next that A represents the Time of 

passage, so that the brachistochrone is required. Here we have 
1 
Q ay Tp ? 
the other condition being as in § 519, and we have 
oa ay toa) 
which may be reduced to the symmetrical form 
pt+p' VPp=0. 


It is very instructive to compare this equation with that of the 
free path as above, § 519; noting how the force VP is, as it 
were, reflected on the tangent of the path (§ 105). ‘This is the 
well-known characteristic of such brachistochrones. 


The application of Hamilton’s method may be easily made, as 
in the preceding example. (Tait, Trans. R. S. H., 1865.) 


524, As a particular case, let us suppose gravity to be the 
only force, then 
ViP Sa 


a constant vector, so that 


dt p- _— pa => 0, 


The form of this equation suggests the assumption 
p =8—patan gt, 
where p and q are scalar constants, and 


SaB =0. 
Substituting, we get 


— pq sec® qt + (— 8° — p’o’ tan” gt) = 0, 
which gives p¢= TR = pT’a 
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Now let po aay; 
this must be a unit-vector perpendicular to a and 2, so that 


Pp = ae (cos gt —¥y sin qt), 


whence p = cos gt (cos gt + y sin qt) B* 
(which may be verified at once by multiplication). 

Finally, taking the origin so that the constant of integration 
may vanish, we have 


2p8 =t+ > (sin 2gt — y cos 2q¢), 


which is obviously the equation of a cycloid referred to its vertex. 
The tangent at the vertex is parallel to @, and the axis of symmetry 
toa. The equation, it should be noted, gives the law of descrip- 
tion of the path. 


525. In the case of a chain hanging under the action of given 
forces we have, as the quantity whose line-integral is to be a 


minimum, 
Q=Pr, 


where P is the potential, r the mass per unit-length. 
Here we have also, of course, 
sTdp=1, 
the length of the chain being given. 


It is easy to see that this leads, by the method above, to the 
equation 
d 


q, (Pr +4) p'}-rVP =0, 


where w is ascalar multiplier. 


526. As a simple case, suppose the chain to be uniform, 
Then we may put rw for wu, and divide by 7. Suppose farther 
that gravity is the only force, then 


P= Sap, Wie — o, 


d 
and q, (Sap +%) pj +a=0. 
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Differentiating, and operating by Sp’, we find 


oye 1°" (Sap +3) + a} =0; 
or, since p’ is a unit-vector, 
du 
oe 
which shews that w is constant, and may therefore be allowed for 
by change of origin. 


0, 


The curve lies obviously in a plane parallel to a, and its equation is 
(Sap)’ + a’ s’ = const., 


which is a well-known form of the equation of the common 
catenary. 


When the quantity Q of § 518 is a vector or a quaternion, we 


have simply an equation (like that there given) for each of the 
constituents. 


527. Suppose P and the constituents of c to be functions 
which vanish at the bounding surface of a simply-connected space 
>, or such at least that either P or the constituents vanish there, 
the others (or other) not becoming infinite. 


Then, by § 484, 
fffdsS.V(Po) = ff ds PSaUv =0, 
if the integrals be taken through and over >. 
Thus [[fdsS.oVP =-— fff ds PSV. 


By the help of this expression we may easily prove a very 
remarkable proposition of Thomson (Cam. and Dub. Math. Journal, 
Jan. 1848, or Reprint of Papers on Electrostatics, § 206). 


To shew that there is one, and but one, solution of the equation 
SV (Vu) = 4rr 


where rx vanishes at an infinite distance, and e is any real scalar 
whatever, continuous or discontinuous. 


Let v be the potential of a distribution of density r, so that 


Vu = 4rr, 
and consider the integral 


a= [ffn(sotoe). 
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That Q may be a minimum as depending on the value of « (which 
is obviously possible since it cannot be negative, and since it may 


have any positive value, however large, if only greater than this 
minimum) we must have 


0=46Q=— fffdsS. (e’Vu— Vv) Vou 
By the lemma given above this may be written 
= [fds du SV (Vu —Vov), 
= [ffds 8u {SV (eVu) — 4arr}. 


Thus any value of u which satisfies the given equation is such as to 
make Q a minimum. 


But there is only one value of w which makes Q a minimum; 
for, let Q, be the value of Q when 


U,=uUt+tw 


is substituted for this value of u, and we have 


Q=-|| ds (ev (utw)—2V0 ) 
=Q—-2Jf[ds 8S. (e’Vu —Vv) Vw — fifds &(Vw)’. 


The middle term of this expression may, by the proposition at the 
beginning of this section, be written 


2fffds w {SV(e'Vu) — 4arr}, 
and therefore vanishes. The last term is essentially positive. Thus 
if u, anywhere differ from u (except, of course, by a constant 


quantity) it cannot make Q a minimum; and therefore wu is a 
unique solution. 


MISCELLANEOUS EXAMPLES. 


1. The expression 
VaBVyé + VayV884+ VadVBy 


denotes a vector. What vector ? 


2. If two surfaces intersect along a common line of curvature, 
they meet at a constant angle. 
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3. By the help of the quaternion formulae of rotation, translate 
into a new form the solution (given in § 248) of the problem of 
inscribing 1 in a sphere a closed polygon the directions of whose sides 
are given. 


4. Find the point, the sum of whose distances from any 
number of given points is a minimum. 

If p be the sought point, a,, a, &c. the given points: shew 
that 

>.U (p—a)=0. 
Give a dynamical illustration of this solution. 
(Proc. RB. S. EL. 1866-7.) 
5. Shew that 
S. VaByVByaVyaB = 4SaBySaBSBySya. 


6. Express, in terms of the masses, and geocentric vectors of 
the sun and moon, the sun’s vector disturbing force on the moon, 
and expand it to terms of the second order; pointing out the 
magnitudes and directions of the separate components. 

(Hamilton, Lectures, p. 615.) 

7. Ifq=r’, shew that 
2 dq = 2dr? =4 (dr + Kqdrq’) Sq* =4 (drt+-q'drKq Se? 

=(drq+ Kqdr) (q+ Kqy* = (drq + Kqdr) (r+ Tr)* 
_dr+ UgidrUg? _drUg+Uq'dr _ ¢(Ugdr + drUq") 


— «fg(Uqt+ Ug") q(Uq+ Ug") Ug + Ug 
q'(qdrt+ Tr LED drUg+ Uqrdr _drKq*+q"dr 
Toa oe) Tqa+Ur) — tee 


“ + V. Var gal" = ar - V (Var sa)ho 


Har rh) (rhe 


= dr¢g' + V (Vq".Vdr) (1+ +o0 xP 


and give geometrical interpretations of these varied expressions 
for the same quantity. (Zbid. p. 628.) 


8. Shew that the equation of motion of a homogeneous solid 
of revolution about a point in its axis, which is not its centre 
of gravity, is 

BV pp — AO = Vpy, 
where © is a constant. (Zrans. R. 8. E., 1869.) 
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9. Find the point P, such that, if A,, A,, &e. be any fixed 


points in space, and My Mey &c. positive numerical quantities, 
x.mAP shall be a minimum. 


Shew that a closed (gauche) polygon can be constructed whose 
sides are parallel to PA,, PA,, &e. while their lengths are as My mM 
&e., respectively. 


If 7>.mAP is to be a minimum, what is the result ? 


10. Form the quaternion condition that the lines joining the 
middle points of the sides of a closed polygon (plane or gauche) 
may form a similar polygon. 

When this condition is satisfied, find the quaternion operator 


which must be applied to the second polygon to make it similarly 
situated with the first. 


11. Solve the equations in linear and vector functions; o 
being given, while ¢ and y are to be found: 


(a) p=a, 

(8) $+ =a, 
(x+ =o, 

(y) { dy =a". 


12. Put the equation of a Minding line (§ 394) directly into 
the normal form for a line passing through each of two fixed 
curves :— 

p=agt+ (1-2) wu, 
where $ and w are definite vector functions of the arbitrary 
scalars ¢, and w, respectively. 


13. Shew that 
SVV,.c0, and VV Soo, 

are different expressions for the same scalar, and give a number of 
other forms. (§ 513.) How are the values of these quantities 
respectively affected, if the V without suffix acts on o, as well 
as on o ? 

14. If (as in § 511) 

Siow = Swt 

for all values of w and of 7, shew by actual transformation, not by 
the obvious geometrical reasoning, that we have also 


Viowr = Vor. 
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15. Shew that, to the third order in 7’, the couple, due to 
any closed circuit, on a small magnet, 28, whose centre is at the 
origin, is proportional to 

V. p’ ol Bae alo Hee) SBp 
ie {p goers Tp* +38 Tp’ . 
Simplify, by means of this formula, the quasi-Cartesian investiga- 
tion of § 464. 


16. Calculate the value of 
zee 
ELD 
for a circular current, the origin being taken at any point. 


17. Find an approximate formula for the potential, near the 
centre of the field, when two equal, circular, currents have a 
common axis, and are at a distance equal to their common 
radius. (This is v. Helmholtz’ Tangent Galvanometer.) 


18. Deduce the various forms of Spherical Harmonics, and 
their relations, from the results of the application of scalar 
functions of SaV, and similar operators, to 1/T'p. 


19. Integrate the differential equations : 


d 

(a) F+aq=6, 
d 

() Et dp=a, 


() Get $(G) + ¥0=93 


where a and 6 are given quaternions, and ¢ and y given linear 
and vector functions. (Tait, Proc. R. 8. E., 1870-1.) 


20. Derive (4) of § 92 directly from (8) of § 91. 
21. Find the successive values of the continued fraction 


= (Z) 0, 
x a+ 


where 7 and 9 have their quaternion significations, and w has the 
values 1, 2,3, &. (Hamilton, Lectures, p. 645.) 


MISCELLANEOUS EXAMPLES. AS 


U,= ( aE Ye 
U+ 


where ¢ is a given quaternion, find the successive values. 


22. If we have 


For what values of c does u become constant? (Ibid. p. 652.) 


23. Prove that the moment of hydrostatic pressures on the 
faces of any polyhedron is zero, (a) when the fluid pressure is the 
same throughout, (b) when it is due to any set of forces which 
have a potential. 


24. What vector is given, in terms of two known vectors, by 
the relation 
p*=3(a'+8")? 
Shew that the origin lies on the circle which passes through the 
extremities of these three vectors. 


25. Tait, Trans. and Proc. R. 8, E., 1870-3. 
With the notation of §§ 484, 495, prove 
(a) ff{fS (aV) tds =f[rSaUvds. 
(b) IfS(pV)r=-— nz, 
(n+8) f[f[rds = — f[tSp Uvds. 
(c) With the additional restriction V’r = 0, 
SfS.. Uv {2np + (n+ 8) pV}. rds = 0. 


(d) Express the value of the last integral over a non-closed 
surface by a line-integral. 


(e) —/Tdp =ffdsS. UvVe, 
if ¢ = Udp all round the curve. 


(f) For any portion of surface whose bounding edge lies 
wholly on a sphere with the origin as centre 


ffdsS.(Up UV) .¢ =9, 
whatever be the vector co. 
(9) [VdpV. a= fds {UvV? — S(UvV)V} o, 
whatever be a. 
26. Tait, Trans. R. S. £., 1873. 


Interpret the equation 
do =ugdpq’'; 
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and shew that it leads to the following results 


Vo = 9Vug , 
Vitigu = 0; 
V7.ut=0. 


Hence shew that the only sets of surfaces which, together, cut 
space into cubes are planes and their electric images. 


27. What problem has its conditions stated in the following 
six equations, from which &, », € are to be determined as scalar 
functions of w, y, z, or of 

p=w+jy+kze? 
Vee) Vi7=0, V*E=0, 
SVEVn = 0, SVnVE=0, SVEVE=0, 


stiles weeth d 
where Sa eae spy 


Shew that they give the farther equations 
0 = Vien — Win =V"CE=V Ene. 
Shew that (with a change of origin) the general solution of these 
equations may be put in the form 
Sp (b+) =], 
where ¢ is a self-conjugate linear and vector function, and &, n, € 


are to be found respectively from the three values of f at any 
point by relations similar to those in Ex. 24 to Chapter X. 


28. Shew that, if p be a planet’s radius vector, the potential 
P of.masses external to the solar system introduces into the 
equation of motion a term of the form S(pV)VP. 

Shew that this is a self-conjugate linear and vector function 
of p, and that it involves only five independent constants. 

Supposing the undisturbed motion to be circular, find the chief 
effects which this disturbance can produce. 


29. In § 430 above, we have the equations 
Va(oa+tnas)=0, Saw=0, a=oVia, Ta=1, 
where o” is neglected. Shew that with the assumptions 
2 ort 
g=u", a=98¢", *=8%,. w =o Gg. 
8=0, T8=1, SBr=0, VB(r+n77)=0, 
provided wSia—w,=0. Hence deduce the behaviour of the 


we have 
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Foucault pendulum without the «, y, and £, » transformations 
in the text. 


Apply analogous methods to the problems proposed at the end 
of § 426 of the text. 


30. Hamilton, Bishop Law's Premium Examination, 1862. 
(a) If oOABpP be four points of space, whereof the three first 
are given, and not collinear; if also 
OA=a, OB=£, OP=p; 
and if, in the equation 


pepe 
a a’ 


the characteristic of operation F be replaced by S, the locus of P 
isa plane. What plane ? 

(b) In the same general equation, if F be replaced by V, 
the locus is an indefinite right line. What line ? 

(c) If # be changed to K, the locus of P is a point. What 
point ? 

(d) If F be made = JU, the locus is an indefinite half-line, 
or ray. What ray ? 

(e) If F be replaced by 7, the locus is a sphere. What 
sphere ? 

(f) If F be changed to TV, the locus is a cylinder of 
revolution. What cylinder? 

(g) If F be made 7'VU, the locus is a cone of revolution. 
What cone ? 

(h) If SU be substituted for F, the locus is one sheet of 
such a cone. Of what cone? and which sheet ? 

(<) If F be changed to VU, the locus is a pair of rays. 
_ Which pair ? 

31. Hamilton, Bishop Law’s Premiwn Haamination, 1863. 
he equation 

sea bing 3 Spp’ +a°=0 
expresses that p and p’ are the vectors of two points P and P’, 
which are conjugate with respect to the sphere 

pt+a°=0; 

or of which one is on the polar plane of the other. 

(b) Prove by quaternions that if the right line Pp’, connect- 
ing two such points, intersect the sphere, it is cut harmonically 


thereby. 
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(c) If P’ be a given external point, the cone of tangents 
drawn from it is represented by the equation, 


(Vpp'y =a" (p—p')’; . 
and the orthogonal cone, concentric with the sphere, by 
(Spp’)’ + a’p* = 0. 
(d) Prove and interpret the equation, 
T (np —a)=T (p—na), if Tp = Ta. 
(e) Transform and interpret the equation of the ellipsoid, 
T(tpt+pey=K— 0. 
(f) The equation 
(xe? — 7?) = (0 + x”) Spp’ + 28ipxp’ 
expresses that p and p’ are values of conjugate points, with respect 
to the same ellipsoid. 
(g) The equation of the ellipsoid may also be thus written, 
Svp =1, if («’ —0")’v =(u— «)'p + 2uSKp + 2xSup. 
(hk) The last equation gives also, 
( — vv =(0? + x’) p + 2Viepe. 
(¢) With the same signification of v, the differential equa- 
tions of the ellipsoid and its reciprocal become 
Svdp = 0, Spdv = 0. 
(j) Eliminate p between the four scalar equations, 


Sap=d, S8p=b, Syp=c¢, Sep—e. 


32. Hamilton, Bishop Law's Premium Examination, 1864. 
(a) Let A,B, A,B,,... A,B, be any given system of posited 


ile eee) 
right lines, the 2n points being all given; and let their vector 
sum, 

AB=A,B,+A,B,+...4+4,B,, 


be a line which does not vanish. Then a point H, and a scalar h 
can be determined, which shall satisfy the quaternion equation, 


HA WARS eee AeA Be hee 
namely by assuming any origin O, and writing, 
OA,.A,B,+...+0A,.A,B, 
A,B, +..0+ A,B: : 
OA AD ae 
Abe 


5] 


OH=V 


h=8S8 
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(b) For any assumed point O, let 
Qo=CA,.A,B,+...4+0A,. A,B ; 
then this quaternion sum may be eee as follows, 
Qo=Qu+CH.AB=(h+CH). AB: 
and therefore its tensor is 
TQc= (h? + CH"). AB, 
in which AB and CH denote lengths. 


(c) The least value of this tensor TQg is obtained by 
placing the point C at H; if then a quaternion be said to be a 
minimum when its tensor is such, we may write 


min. Qog=Qyz=h. AB; 

so that this minimum of Q¢ is a vector. 

(zd) The equation 

TQc=¢c=any scalar constant > TQy 
expresses that the locus of the variable point C is a spheric 
surface, with its centre at the fixed point H, and with a radius 7, 
or OH, such that 
r.AB= (TQy—TQh)* = (¢ —h'. AB: 

so that H, as being thus the common centre of a-series of 
concentric spheres, determined by the given system of right lines, 
may be said to be the Central Point, or simply the Centre, of that 
system. 

(e) The equation 

TV Qc =, =any scalar constant > 7Qz 
represents a right cylinder, of which the radius 
=(c?—h®, AB’) 
divided by AB, and of which the axis of revolution is the line, 
VQo=Qn=h.AB; 

wherefore this last right line, as being the common axis of a series 
of such right cylinders, may be called the Central Amis of the 
system. 

(f) The equation 

SQc=c,=any scalar constant 

represents a plane ; and all such planes are parallel to the Central 
Plane, of which the equation is 


SQc= 0. 
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(g) Prove that the central axis intersects the central plane 
perpendicularly, in the central point of the system. 


(hk) When the n given vectors A,B... A,B, are parallel, 
and are therefore proportional to m scalars, b,, ... b,, the scalar h 
and the vector Qy vanish; and the centre H is then determined 


by the equation 
b,.HA,+b,.HA,+...+6,. HA, =0, 
or by the expression, 


Der estes Overseas 


b+... +6, 


b 
where O is again an arbitrary origin. 


33. Hamilton, Bishop Law’s Premium Examination, 1860. 


(a) The normal at the end of the variable vector p, to the 
surface of revolution of the sixth dimension, which is represented 
by the equation 


(pho BYE 0 (Or) co seaae oer eee eee (a), 
or by the system of the two equations, 
pd 36 al poe Pat. cb... (a’), 


and the tangent to the meridian at that point, are respectively 
parallel to the two vectors, 

v= 2(p—a) —tp, 
and 7T=2(1 — 2t) (p—a)+?p; 
so that they intersect the axis a, in points of which the vectors 
are, respectively, 


2a 2(1—2t) a 
jpn Bohs 
(db) If dp be in the same meridian plane as p, then 
t(1—t) (4—t) dp = 8rdé, and ae 


(c) Under the same condition, 


dv 2 
S om (1-2). 
(d) The vector of the centre of curvature of the meridian, 
at the end of the vector p, is, therefore, 


dv\* +0, Somnihtion fet) 
ai Sh eh ane. a p 
om »( dp) =heaR—-15 2a) 
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(e) The expressions in (a) give 
Yaa (lt), =a (1-2) (4-2); 
9 2 
hence (c—p)'= a, and dp?= mee dt? ; 
+ 4—t 
the radius of curvature of the meridian is, therefore, 
R=T(c-p)=2 10a; 
and the length of an element of are of that curve is 


ds = Tdp =3Ta (_t_\ 
s= 1 oh a (,*,) at 


(f) The same expressions give 
4 (Vap)’=— a‘? (1—t) (4-2); 
thus the auxiliary scalar ¢ is confined between the limits 0 and 4, 
and we may write t= 2 vers 6, where @ is a real angle, which varies 
continuously from 0 to 27; the recent expression for the element 
of are becomes, therefore, 
ds =3Ta. td, 
and gives by integration 
s=6Ta(@—sin 8), 
if the arc s be measured from the point, say F, for which p=a, 
and which is common to all the meridians; and the total periphery 
of any one such curve is=127Ta. 


(g) The value of o gives 
4 (0? — a?) = 3a°t (4-1), 16 (Vac) =— a’? (4-1)’; 


if, then, we set aside the axis of revolution a, which is crossed by 
all the normals to the surface (a), the surface of centres of 
curvature which is touched by all those normals is represented by 


the equation, 
4 (co? — a’)? + 2707 (Vac)? =0........ LMA Was on (b). 


(hk) The point F is common to the two surfaces (a) and 
(b), and is a singular point on each of them, being a triple point 
on (a), and a double point on (b); there is also at it an infinitely 
sharp cusp on (b), which tends to coincide with the axis a, but 
a determined tangent plane to (a), which is perpendicular to that 
axis, and to that cusp; and the point, say £”, of which the vector 
= —aq, is another and an exactly similar cusp on (b), but does not 


belong to (a). 
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(‘) Besides the three universally coincident intersections of 
the surface (a), with any transversal, drawn through its triple 
point F, in any given direction 8, there are always three other 


? 


real intersections, of which indeed one coincides with F’ if the 
transversal be perpendicular to the axis, and for which the 
following is a general formula : 


p= Ta.[Ua+t{28U (aB)*}U6). 


(j) The point, say V, of which the vector is p= 2a, is a 
double point of (a), near which that surface has a cusp, which 
coincides nearly with its tangent cone at that point; and the 


semi-angle of this cone is = a 
Auailiary Equations : 
Sp (p — a) =a't’ (3 +), 
28a (p — a) =a’t’ (3 — 1). 
Svp =—a’t (1 —t) (1 — 28), 
2Sv (p—a) =a't’ (1 —2). 
Spt =a’t? (1 —t) (4-4), 
fe (p—a) tT =a’? (1-1) (4-0). 
34. A homogeneous function of p, of the nth degree, is 


changed into the same function of the constant vector, a, by the 
operator 


1 1] n 
a sakie 


35. Ifr be the cube root of the quaternion q, shew that 
dr=p+(V.r'+rVr) Va" (rp — pr), 

where p= 4r “dq. (Hamilton, Lectures, p. 629.) 

36. Shew from § 509 that the term to be added to VQ of 
§ 512 (3), in consequence of viscosity, is proportional to 

V'a +1V8Vo. 
37. Shew, from structural considerations, that 
V.(SaV . cSBV,.¢,) 


must be a linear and vector function of Va8. Also prove, directly, 
that its value is 


~48.(VaB)VV,.Voo,. 
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38. The spherical opening subtended at a by the sphere 
Ip=r 


is -= fas’ ers et or 0, 


according as Ta=a <7. 


Hence shew, without further integration, that (with the same 


conditions) 
{ ds err 
Wea mr, or ——, 
whence, of course, 


Tae 4arr* Ua 


| ( ds ray &e Aarr® 
T(p—af r—a’ a(a—r’)’ 
39. Find also the values of 


[lee lees oes and such-like, 


the integration extending over the surface of the sphere 7'p =r. 


Also that 


40. Shew that the potential at 8, due to mass m at a, is to 
the potential at 8", due to mass m’ at a", as 1: 7/~, provided 
eee ee kT 

Hence, by the results of 38 above, shew that, with a<7, 

/ i ds 2 4nr Be Arr" 
T (p—B)T(p- a) (r*—a*) T(B—a)’ a(r*—a’*) T (ra *+ £8) 
according as 7'B = r, the limits of integration being as before. 


Obtain these results directly from Green’s Theorem (§ 486) 
without employing the Electric Image transformation. 


41. Shew that the quaternion 


|[os wv) rds — | [JoV*rds 


(in the notation of § 482) is changed into its own conjugate by 
interchange of o and tr. Express its value (by §§ 133, 486) as a 
single palameimtestal 
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42, Prove that 


[[Jlevir+ Kve. Vr)ds Hees 


and thence that 


if (1V*o —V"r.0) ds={[(rtvve 2 RVr. Uva) de. 


43. Find the distribution of matter on a given closed surface 
which will produce, in its interior, the same potential as does 
a given distribution of matter outside it. 


Hence shew that there is one, and only one, distribution of 
matter over a surface, which will produce, at each point of it, any 
arbitrarily assigned potential. 


CAMBRIDGE: PRINTED BY C. J. CLAY, M.A. AND SONS,. AT THE UNIVERSITY PRESS, 


By the same Author. 


A Treatise on Natural Philosophy. By Sir W. Tuomsoy, LL.D., 
D.C.L., F.R.S., Professor of Natural Philosophy in the University of Glasgow, 
and P. G. Tart, M.A., Professor of Natural Philosophy in the University of 
Edinburgh. Partl. Demy 8vo. 16s. Part Il. Demy 8yo. 18s. 


Elements of Natural Philosophy. By Professors Sir W. THomson 
and P. G. Tarr. Demy 8vo. 9s. 


London; C. J. CLAY anv SONS, 
CAMBRIDGE UNIVERSITY PRESS WAREHOUSE, 
AVE MARIA LANE. 


Lectures on some Recent Advances in Physical Science. 
With Illustrations. Revised and enlarged, with the Lecture on Force delivered 
before the British Association. By P. G. Tarr, M.A. Third Edition, Crown 
8vo. 9s. 


Heat. With numerous Illustrations. By P. G. Tarr, M.A. Crown 
8vo. 6s, 


A Treatise on Dynamics of a Particle. With numerous Examples. 
By P. G. Tarr, M.A., and the late W. J. Srerzr, B.A., Fellow of St Peter’s 
College, Cambridge. Sixth Edition, carefully Revised. Crown 8vo. 12s. 


The Unseen Universe; or, Physical Speculations on a Future 
State. By Professors Barrour Srewarr and P.G. Tarr. Fifteenth Edition. 


Crown 8vo. 6s. 


MACMILLAN AND CO, LONDON. 


Light. By P. G. Tart, M.A., Sec. R.S.E. Second Edition. Revised 


and Enlarged. Crown 8yo. 6s. 


Properties of Matter. By P. G. Tart, M.A., Sec. R.S.E. Crown 
8vo. 7s. 6d. 


ADAM & CHARLES BLACK, EDINBURGH. 


e ‘ , ot nes ene ee 
ay Pe - D1 a>. 4 yy eVi TD teak ~ 


iy Ponaealee w ‘es Sth 
lult fod | | AM aur cone bah 


z ate Se x ' * » Toe a sant ee “dash A 


a 
~ ‘ , = y tcy 18 
_ (7a bs Halt lo alnont 
te ae ® 
ah | kT ee 
5 F ‘ AP ake ok a ; 
— g i : ' 


. | " 
IONIC IOS! Tl OSSMAVOR iNest eriog noes 
Fi » aft 4 ashy 5 ? 7 job wal | a 
= me ; L ; at Wie Sous oe Lopes 
ay 
: 
4 f * * | 
wd ' grids oat } aa ' | tore alt ek 
P yen 
a i Levan. Att oy t i es ai i WL Ne? es 
: = ‘ * 3 *. ° . b 
' “s & ’ che SE. ORY a6 ey tacks Ws r By § iD 
B= SS ae a4 #6 ‘ an at Phin ae? 4 a Lone Grats foal rs 
AA fb ne onriisine laniava? aA! onan te ee re 
Se E"t 8 NO ENON HUIoCS lasieyas 90°; asaaVinL nesen tsa 
SR OA ELE wl) A big yarer tt realy met, UD sas 


a, 4 enol 


FOURLE 06 CEA PALA 


‘ 
~ 


; a a) - 
imeinee SUE byooeed. Re) | fet alt ia Peps foe " A, | “ay ds 
2) 3079. aieetd Be alin & 


wor) SEE ot CAE wu 2) a | aetteta to estines 
Au 


e 


Sh MSN ae 


-- ” a — «F a ee aa, “so —= — eo _ os ae a ee eT a 


